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ABSTRACT 
 
Asmerom, Biniam Beyene. PhD. The University of Memphis. May 2011. 3-D Velocity 
Structures, Seismicity Pattern, and their Tectonic Implications across Andean Foreland of 
San Juan Argentina. Major Professor: Jer-Ming Chiu, PhD. 
 
 
Three-dimensional velocity structures and seismicity patterns have been studied 
across the Andean Foreland of San Juan Argentina using data acquired by PANDA 
deployment. Distinct velocity variations are revealed between Precordillera in the west 
and Pie de Palo in the east. The low velocity anomaly beneath Precordillera is associated 
with the presence of thick sedimentary rocks and thick sediment cover of Matagusanos 
valley. Similarly, the high velocity anomaly east of Eastern Precordillera is correlated 
with the presence of basement rocks. These anomalies are observed from the station 
corrections of Joint Hypocentral Determination (JHD) analysis. A northeast trending west 
dipping high velocity anomaly is imaged beneath the southern half of Pie de Palo. This 
anomaly represents a Grenvillian suture zone formed when Pie de Palo collided with the 
Precordillera. 
Relocated seismicity using 3-D Vp and Vs models obtained in this study revealed 
crustal scale buried faults beneath the Eastern Precordillera and Sierra Pie de Palo. The 
fault defined by the seismicity extend down to a depth of ~ 40 km and ~35 km beneath 
Precordillera and Pie de Palo, respectively, defining the lower bound of the brittle to 
ductile transition of the crust. These results confirm that present day active crustal 
thickening involves the entire crust in the tectonic process and results in thick-skinned 
deformation beneath both the Eastern Precordillera and Pie de Palo. Based on the 
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seismicity pattern, geomorphology, and velocity structures, Sierra Pie de Palo, a 
basement uplift block, can be divided into two separate semi-blocks separated by a 
northeast trending fracture zone. The northern block is characterized by a well-defined 
west dipping fault and low Vp/Vs ratio particularly at a depth of 12 to 16 km, while the 
southern block shows a poorly-defined east dipping fault with high Vp/Vs ratio at a depth 
of 20 to 26 km. Spatial distribution of the well-relocated crustal earthquakes along these 
faults reveals that major deformation of the thick Andean crust in the region is mainly 
concentrated along localized regions. 
The geometry of the subducted Nazca Plate defined by the relocation of 1040 
intermediate depth events is flat at a depth of 110 ± 3 km until it resumes its normal 
subduction further to the east and south of the study area. The thickness of the 
seismogenic zone at intermediate depth is narrowly defined to 10 km within the flat 
subducting slab, a result that is a significant improvement from previous studies. Previous 
focal mechanism studies show dominant normal mechanism with tensional axis 
perpendicular to the trench axis indicating the likely mechanism of deformation is slab-
pull (Stauder, 1973; Reta, 1992; Anderson et al., 2007). Thus, the geometry of the 
subducting slab Nazca plate and their corresponding tectonic process can be better 
understood. 
 v 
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CHAPTER 1 
INTRODUCTION 
 
The Andes mountain belt, which stretches along the entire western edge of the 
South American plate, is the result of subduction of the Nazca plate beneath the South 
American plate (Figure 1.1). It is generally believed that the present day mountain belt 
was developed mainly during the Mesozoic to Holocene (Pankhurst and Rapela, 1998). 
Large-scale tectonic segments can be identified along-strike of the mountain chain. This 
tectonic segmentation of the South American plate is well correlated with segmentation 
of the Nazca plate into similar large scale along–strike variations in the subduction angle 
at intermediate depth. Five distinctive segments are identified in the subducting slab 
(Barazangi and Isacks, 1976). Three segments are located beneath Ecuador, southern 
Peru-northern Chile, and southern Chile with dip angles ranging from 25° to 30°. The 
other two segments are located beneath north/central Peru and west central Argentina 
with dip angle less than 10°. 
Characteristic features of each of these segments impose a distinctive correlation 
with morphological and geological features on the surface. The presence of Quaternary 
and Neogene volcanoes, a major longitudinal valley, and normal faults in the outer slope, 
characterize upper plate over the steeply dipping segments. However, these surface 
features are almost absent from the segments lying above the flat slab subduction 
(Contrerass-Reyes, 2010). Moreover, the area above flat is characterized by extensive 
crustal deformation that extends very far inboard of the trench.  
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Though not fully understood why flattening of the subducting slab occurs, 
theories of the genesis of the flat-subduction commonly relate it to one of four 
characteristics of the subducted oceanic plate or plate motions: (1) increased convergence 
rate (Jarrard, 1986), (2) subduction of young crust, (3) subduction of bathymetric features 
such as oceanic ridges or seamount chains with over thickened oceanic crust, and (4) 
absolute trench-ward overriding of the upper plate (Pilger, 1981; Isacks, 1988; von Huene 
et al., 1997; Gutscher et al., 2000; Gutscher, 2002; van Hunen et al., 2002). Examination 
of the Nazca-south American plate boundary can rule out the first two explanations of 
flat-subduction (Pilger, 1981). First, the present day convergence rate at the Nazca-South 
American plate boundary is relatively rapid [approximately 10 cm/yr at the latitude of the 
Sierras Pampeanas (Minster and Jordan, 1978)] and nearly perpendicular to the plate 
margin, and there is no significant difference in convergence rate between regions with 
flat-subduction and those with steep-subduction (Jordan and Allmendinger, 1986).  
Likewise, the age of the oceanic crust can be ruled out as a control: the youngest crust 
subducted along the margin occurs at the triple junction with the Chile Ridge at 49°S, the 
age increases steadily northward from there, and changes in age do not correlate with 
flat-subduction segment boundaries (Corvalan, 1981). 
Pilger (1981) suggested that the flat-subduction beneath central Chile and 
Argentina is caused by subduction of the Juan Fernandez island-seamount chain, and that 
of the flat-subduction beneath Peru is due to subduction of another aseismic ridge, the 
Nazca Ridge; those bathymetric highs are presumably expressions of anomalously warm 
and consequently buoyant lithosphere. A careful examination of bathymetry, Benioff 
zone geometry, and convergence direction shows that the Nazca Ridge is being 
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subducted several hundred kilometers north of the flat-to-steep transition in the subducted 
plate (Bevis and Isacks, 1984; Cahill and Isacks, 1985). The east-trending Juan 
Fernandez Chain now coincides closely with the southern boundary of the flat-subduction 
segment. The fourth hypothesis, that an absolute trench-ward overriding of the upper 
plate as a cause for slab flattening is also a plausible explanation. Isacks (1985, 1988) has 
proposed a model that would result in an increased absolute overriding of the subducted 
plate by the South American lithosphere, if shortening of the western South American 
plate differs between the 30°–subducting segments and the flat-subduction segments to 
the north and south of it. 
The area of San Juan, Argentina (between 300S-330S latitude and 670W -700W 
longitude) residing above the southern flat-slab portion of the subducting Nazca plate is 
the focus of this study. The San Juan region in the Andean foreland comprises primarily 
the N-S trending Precordillera and Sierras Pampeanas terranes (Figure 1.3).  
 
1.1 Tectonic History 
The western and southern margins of the South American Andes have been the 
focus of intense international interest during the last two decades. While there is ongoing 
debate about many of the details of the regional geology of the area, a general tectonic 
history seems to be agreed upon. This area of Chile and Argentina is a conglomerate of 
accreted terranes with generally north-south trending boundaries (Ramos et al., 1986) 
(Figure 1.2). The tectonic evolution of the area (South Central Andes) can be classified 
into four orogenic cycles; the Pampean, Famatinian, Gondwanian and Andean cycles 
(Pankhurst and Rapela, 1998).  
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1.1.1 Pampean (Neoproterozoic-Late Cambrian)  
This Neoproterozoic-Cambrian cycle is regarded as a major orogenic event in 
southwestern Gondwana. The Pampean terrane was accreted after the complete 
subduction of the Puncoviscan Ocean under the Rio de la Plata craton in the Early 
Cambrian (Rapela et al., 1998). This cycle includes formation of a passive margin 
sedimentary basin, emplacement of metaluminous granitoid sequences, penetrative 
folding and low to high grade metamorphism during mid-Cambrian time, and extensional 
collapse in the late Cambrian (Pankhurst et al., 1998). 
 
1.1.2 Famatinian (Early Ordovician-Early Carboniferous)  
This cycle is characterized by a major accretion and orogenic episode that started 
with the subduction of the Iapetus Ocean along the Cambrian proto-Pacific margin (at c. 
490 Ma) (Pankhurst et al., 1998). The Famatina orogeny in the Gondwana foreland, 
which created Famatinian arc volcanism, and the collision of the Precordilleran terrane 
along the continental margin are ascribed to this cycle (Pankhurst et al, 1998). There have 
been some debates whether the Famatina terrane was accreted or simply a product of this 
volcanism (Astini et al., 1995; Rapela et al., 1998), but most studies indicate that the 
Famatinian volcanism has continental (rather than island) arc signatures (Saavedra et al., 
1998). By the late Ordovician, the subduction of the Iapetus Ocean was complete, 
resulting in the accretion of the Cuyania/Precordilleran terrane (Vujovich and Kay, 
1998). There is a general consensus that the Precordillera terrane originated from 
Laurentia (Ramos et al., 1986; Vujovich and Kay, 1998). Numerous geologic data show a 
Grenvillian age for the basement rocks of both the Precordillera and the adjacent Pie de 
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Palo range (Baldis et al., 1984; Ramos et al., 1986; Salda et al., 1992; Kay et al., 1996; 
Thomas et al., 1996; Rapalini et al., 1998; Davis et al., 2000;). 
The last terrane to be accreted in this cycle was the Chilenia during the Devonian 
(Ramos et al., 1986; Astini, 1996). Very little is known about the origin of this terrane, as 
most of its original basement rocks have been affected by extensive volcanism and 
metamorphism. The mid-Paleozoic tectonic phases registered in the clastic sequences of 
the Precordillera, as well as the broadly coeval intrusion of within-plate granites in the 
Gondwana foreland, are ascribed as the last event of the Famatina cycle (Pankhurst et al., 
1998). 
The locations of the terrane boundaries are uncertain. The least controversial 
boundary lies between the Chilenia and Cuyania terranes, along the Calingasta-Iglesia 
valley west of the Precordillera (Ramos et al., 1986). The boundary between the Cuyania 
and the Pampean terranes is believed to lie along the SSE trending Sierras de Valle Fértil 
(Astini et al., 1995; Kay et al., 1996). Moreover, some sort of ancient suture is visible for 
a short distance along the western edge of the Pie de Palo range extending SSW toward 
the Precordillera (Ramos et al., 1998; Vujovich and Kay, 1998; Chernicoff et al., 2009). 
Though originally this was believed to be the boundary between these two terranes, this 
suture is now suggested to be evidence of Middle Proterozoic subduction that resulted in 
the accretion of the Sierra de Pie de Palo range onto the Precordillera prior to the rifting 
from Laurentia rifting (Vujovich and Kay, 1998; Ramos et al., 2000). 
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1.1.3 Gondwanian (Early Carboniferous-Early Cretaceous)  
This was a period of maximum extension and relative stability of the Gondwana 
super continent, from Lower Carboniferous to final break-up in Early Cretaceous 
(Mpodozis and Kay, 1992). Subduction of the proto-Pacific plate beneath the western 
margin of Gondwana resulted in the formation of Cordillera type batholiths during the 
Carboniferous (Pankhurst et al., 1998). Development of extensive Permian to Jurassic 
rhyolite provinces and inner cordilleran plutonic belts are characteristic of the 
Gondwanian cycle (Rapela et al., 1996). This era ended with the rifting of Gondwana and 
the opening of the Atlantic, which heralded the Andean cycle in the Early Cretaceous. 
 
1.1.4 Andean (Early Cretaceous-Present)  
The Andean cycle started with the opening of the south Atlantic and the 
separation of South America from the African-Indian plate. The generation of plutonic 
and volcanic rocks typical of the modern Andes became predominant as the convergence 
velocity at the paleo-Pacific margin of the newly formed South American plate increased. 
The term ‘Andean Orogeny’ is linked to several compressive phases during this period, 
but is most commonly used for those of Tertiary and modern age. Typical characteristics 
of the Andean cycle along the eastern side of South America include the formation of 
intra-continental extensional basins and a passive Atlantic margin (Pankhurst et al., 
1998). 
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1.2 Geologic Setting 
Precordillera (PC), located east of the principal and frontal Cordillera of the main 
Andes (Figure 1.3), is a folded thrust belt consisting of both continental and marine 
sediments (ref). Major volcanic arc activity in the area ceased around 10 Ma, implying 
that the subhorizontal geometry of the Nazca plate was completed by this time (Kay et 
al., 1988). The Precordillera can be categorized into western, central, and eastern 
morphostructural provinces (Ortiz et al., 1981). 
The Western PC, immediately west of the study area (Figure 1.3), shows very 
little seismicity and will not be discussed further. The Central PC is an east verging thrust 
belt with thin-skinned deformation (Baldis, 1975; Ortiz and Zambrano, 1981; Baldis et 
al., 1982). The décollement is estimated to dip westward varying from a depth of ~4 km 
beneath the eastern side to about 8 km beneath the western part (Baldis et al., 1982; 
Jordan et al., 1983a). Uplift in the study area began approximately 13.5 Ma and is still 
active (Fielding et al., 1988). The Eastern PC, separated from the Central PC by a fault-
bound sediment filled valley called Matagusanos valley, is a west verging folded thrust 
belt with thin-skinned deformation (Baldis et al., 1969;  Ortiz et al., 1981; Allmendinger 
et al., 1990; Von, 1992; Smalley et al., 1993). Thickness of the valley fill has been 
estimated to be between 8-10 km (Fielding et al., 1988). Uplift in the Eastern PC began 
around 2.3 Ma and is still active as evidenced by concentrated seismicity and fault scarps 
(Baldis et al., 1969; Chinn and Isacks, 1983; Johnsson et al., 1984; Whitney and Bastias, 
1984; Smalley, 1988). It has been suggested that the thin-skinned deformation is 
associated with the flat slab subduction (Cross and Pilger, 1982; Bird, 1984). However, 
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there is no temporal correlation between the shallowing of the Nazca plate and the thin-
skinned deformation in the Eastern PC (Zapata and Allmendinger, 1996). Most of the 
crustal seismicity in the Eastern PC takes place in the basement under Matagusanos 
valley (Figure 1.3) and is not associated with the thin-skinned structures at the surface 
(Smalley, 1988; Smalley and Isacks, 1990). 
To the east of the PC lie the Sierras Pampeanas Ranges (SP) (Figure 1.3). PC and 
SP are separated by the sediment Tulúm filled and Bermejo valleys (Figure 1.3). Depth to 
basement beneath Bermejo valley varies from 6 km in the west to about 10 km in the east 
(Jordan and Allmendinger, 1986). The sediments are composed of Tertiary to Quaternary 
clastics derived from the west (Ortiz and Zambrano, 1981). Similarly, the Tulum valley is 
filled with clastic sediments from west but is much shallower than Bermejo valley with 
depth to the basement being 1-2 km (Zambrano et al., 1977). Several small, fault bound 
outcrops of Pampean basement are found in Tulúm valley within 10 km of the Eastern 
Precordillera. 
The SP are roughly N-S trending basement block uplifts composed primarily of 
Precambrian and Lower Paleozoic rock (Ramos et al., 1986) (Figure 1.3). Uplift in the 
range occurs on crustal-scale north-south trending reverse faults dipping to the east and 
west (Jordan and Allmendinger, 1986). The SP are characterized by thick-skinned 
deformation (Jordan and Allmendinger, 1986). This interpretation is supported by 
morphological, seismic reflection and earthquake studies (Stauder et al., 1977; Chinn and 
Isacks, 1983; Snyder et al., 1986; Smalley and Isacks, 1990). Sierra Pie de Palo and 
Sierra de Valle Fértil are two mountains of the Sierras Pampeanas Range that lie within 
the study area (Figure 1.3). Evidence from field mapping, seismic reflection and 
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LANDSAT TM data show that the west side of Valle Fértil and the east side of Pie de 
Palo are fault bounded (Fielding and Jordan, 1988). 
The crystalline basement exposed at Sierra de Pie de Palo as well as Cerro 
Barboza and Cerro Valdivia, consist of the Mesoproterozic Pie de Palo complex, 
Neoproterozoic Difunta Correa unit, Neoproterozoic to Lower Cambrian Caucete Group, 
as well as small outcrops of unnamed Neoproterozoic orthogneisses and lower Paleozoic 
granitoids (Chernicoff et al., 2009) (Figure 1.4). 
The Pie de Palo complex, a Grenvillian basement rock, is made of three units 
(Varela and Salda, 1993; Ramos and Vujovich, 2000). The mafic-ultramafic unit exposed 
on the western flank of the range, contains ultra-basic rocks mainly serpentinite 
structurally overlain by a thick sequence of mafic rocks made of strongly foliated and 
lineated amphibolites. These rocks have been interpreted as being formed in a 
suprasubduction oceanic environment (Vujovich and Kay, 1996; Vujovich and Kay, 
1998; Vujovich and Staal, 2004). The intermediate to acidic orthogneiss unit associated 
with high-grade metasedimentary rocks outcropping in the central part of the Sierra de 
Pie de Palo uplift represents an arc/backarc environment (Baldo et al., 1998; Vujovich 
and Kay, 1998; Ramos and Vujovich, 2000). A metagraywacke and marble unit is the 
dominant rock type along the eastern side of the range (Ramos and Vujovich, 2000). 
The Difunta Correa unit is exposed along the southeastern side of the Sierra de 
Pie de Palo and is composed of mainly calcipelite schists, para-amphibolite, marble, and 
quartzite (Baldo et al., 1998). This unit is interpreted as a para-authochtonous cover of 
Pie de Palo complex. 
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The Caucete Group comprises two units, and is generally considered to be a 
metamorphosed equivalent of the Paleozoic cover of the Precordillera terrane (Ramos et 
al., 1998; Vujovich and Kay, 1998; Staal et al., 2002; Staal et al., 2005). Siliciclastic 
rocks (550 Ma) represent a platform sequence with an upper continental crust provenance 
and a carbonate sequence (Lower-middle Cambrian) deposited along a passive margin 
(Naiper et al., 2005; Naiper et al., 2006). The Las Pirquitas thrust, a major fault dipping 
to the east, separates the Caucete Group from the structurally overlying Pie de Palo 
complex (Vujovich and Ramos, 1994; Vujovich and Kay, 1998). 
 
1.3 Previous Seismic Studies 
Seismicity in the San Juan foreland area has been the focus of many research 
studies (Stauder, 1973; Kadinsky-Cade, 1977; Chinn and Isacks, 1983; Kadinsky-Cade et 
al., 1985; Smalley and Isacks, 1987, 1990; Langer and Bolinger, 1988; Vlasity, 1988; 
Pujol et al., 1991; Regnier et al., 1992; Smalley et al., 1993; Anderson et al., 2004; 
Fromm et al., 2004; Patricia et al., 2005; Wagner et al., 2005; Gilbert et al., 2006). 
Previous tomographic works in the area include that of Chen (1990) and Wagner (2005). 
Chen (1990) has used a subset of the Portable Array Numerical Data Analysis (PANDA) 
data set to determine 3-D P- and S-wave velocity of San Juan, Argentina, the same area 
investigated in this study. However, the number of events (172) and the size of the block 
parameterization (15 km x 20 km horizontally with different vertical thickness for each 
layer of 10 km, 22 km, and 13 km, respectively) used in his study hinder the capability to 
resolve structural detail in the area. Thus, resolution of local 3-D crustal velocity 
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structure was limited due to insufficient data at the time of Chen’s study and due to the 
large block parameterization used.  
In recent years, Wagner et al. (2005) constructed 3-D Vp and Vs models beneath 
central Chile and Argentina by using regional events. However, the spatial extent of their 
3-D model was restricted to the upper mantle.  Because only regional events were used, 
most first arrivals to their stations were Pn waves that limits ability to see crustal 
structure. Moreover, the spatial distribution of the broad band stations and regional 
earthquakes used in their study also contributed to uncertainties in their position and 
shape of their crust and upper mantle structures.  
In this study a well-developed tomographic inversion method is used, which 
utilizes a robust finite-difference method to calculate travel time. This software package 
developed by Benz et al. (1996) and modified by Shen (1999) has been demonstrated to 
be efficient and accurate for complex geologic settings (Benz et al., 1996; Okubo et al., 
1997; Villasenor et al., 1998; Shen, 1999; Kim et al., 2005), and is suitable to deal with 
the complex tectonic environment of the San Juan, Argentina region. Data recorded by 
the PANDA seismic network was utilized for my inversion study.  
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Figure 1.1. Regional, topography, bathymetry, and tectonic setting of the study area.  The 
Nazca plate is subducting beneath the South American plate at a rate of 63 mm/yr (Kendrick 
et al., 2001). Gray circles represent regional seismicity from PDE catalogue. Red triangles are 
Quaternary volcanoes (Isacks, 1988) and the contours are the depth to the top of the Wadati-
Benioff zone (Cahill and Isacks, 1992).  
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Figure 1.2 Terrane map of South America (from Ramos and Aleman 2000). Inset 
shows a detailed terrane map of the central Chile and western Argentina. Pampiana 
terrane, Cuyania composite terrane (Pie de Palo and the Precordillera terranes), and 
Chilenia terrane are illustrated in detail. Modified from Ramos et al. (1998). 
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Figure 1.4. Basement geological map of the Sierra de Pie de Palo uplift (from Varela et 
al., 2011). 
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CHAPTER 2 
METHODOLOGY 
 
2.1 Introduction 
 The determination of seismic structure of the solid Earth is one of the major 
objectives of geophysical sciences.  Other than some direct measurements of seismic 
wave velocities in shallow boreholes, assessment of seismic structure in the Earth’s 
interior relies solely on the indirect probing of the earth by seismic waves.  Seismic 
waves emanate from seismic sources such as natural earthquakes or man-made 
explosions, and travel through the interior of the Earth until they are recorded on the 
surface.  The arrival times of seismic waves can be measured and their travel time can be 
estimated.  The local seismic velocity structure in the Earth’s interior can be determined 
using these travel times.  
 The term ‘tomography’ is borrowed from medical technology for imaging the 
internal organs of a human body using X-rays.  The seismic imaging method, however, 
was developed independently from the medical community, and in fact was originally 
called the ‘3-D inversion’ method in seismology until the early 1980s, when the iterative 
matrix solvers used in medical tomography were introduced to seismology (Aki, 1993).  
 The goal of local earthquake tomography is to improve the estimates of model 
parameters by perturbing them in order to minimize some measures of the misfits to the 
data (Thurber, 1993).  The problem is indicated schematically in Figure 2.1 (Thurber, 
1993).  Major advantages in using local earthquake sources rather than controlled sources 
are their substantial excitation of both compression and shear waves and their sampling 
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of three-dimensional space between sources and receivers.  The latter advantage, 
however, is hindered by the lack of control on the spatial distribution and the exact 
locations and origin times of sources.  As a matter of fact, the unknown earthquake 
source parameters are usually estimated as part of the inversion process.  Comparing with 
teleseismic tomography, local earthquake tomography can usually offer much higher 
spatial resolution on structural images due to the increased density of ray sampling, the 
higher frequency of seismic waves, and the closer station spacing (Thurber, 1993).  In 
addition, the distribution of source regions and the maximum earthquake focal depths in 
the area also limits the depth resolution of local earthquake tomography (Thurber and 
Aki, 1987; Kissling, 1988). 
 The tomographic inversion package developed by Benz et al. (1996) and modified 
by Shen (1999) was used in this dissertation.  In this software package, a robust finite-
difference method based on Huygens’ principle is used to calculate travel time for every 
station-event geometry and a given velocity structure.  The method has been 
demonstrated to be very efficient and accurate for complex geologic settings (Benz et al., 
1996; Okubo et al., 1997; Villasenor et al., 1998; Shen, 1999; Kim et al., 2005).  Thus, 
the package is suitable to deal with the complex tectonic environment of the San Juan, 
Argentina region. 
 
2.2 Forward Modeling 
 Accuracy and efficiency of forward modeling is of special importance in local 
earthquake tomography because forward modeling directly influences travel time 
residuals and their partial derivatives.  In simple structures with smoothly varying seismic 
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wave velocities, ray-bending approximations can be effectively used to compute travel 
times (Thurber, 1983; Kissling, 1988).  In complex structures, however, ray-bending 
techniques will encounter difficulties in determining the minimum travel time paths and 
the approximations will break down at caustics.  Alternatively, a robust finite-difference 
method to calculate travel time is used in this dissertation.  This method of finite-
difference used to compute the first-arrival travel time was first proposed by Vidale 
(1988) for two-dimensional structure and later extended to three-dimensional structure 
(Vidale, 1990).  Vidale’s finite-difference methods encounter serious difficulties when 
applied to models containing sharp first-order velocity contrasts, where multi-valued 
wave fronts exist.  The eikonal equation fails to generate the whole wave field in the 
sense that a series of independent secondary sources have to be taken into account.  
Podvin and Lecomte (1991) proposed a different finite-difference algorithm that 
overcomes this difficulty by providing a systematic consideration of the multiple arrivals 
at any point.  Podvin and Lecomte (1991) demonstrated the applicability and accuracy of 
the finite-difference calculations to geologic structures with velocity contrasts as great as 
10:1.  To avoid any confusion in terminology, it should be noted that the finite-difference 
method described in the travel time calculations has nothing in common with the finite- 
difference method of solving linear partial differential equations, such as the acoustic 
wave equation or the elastodynamic equation.  It is usually specified in the seismological 
literature as the finite-difference solver of the eikonal equation.  This, however, does not 
mean that the classical finite-difference method is applied to the eikonal equation.  The 
eikonal equation is a nonlinear equation, and its direct finite-difference solution is not 
simple.  The finite-difference method of travel time calculation in seismology uses 
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certain important consequences of the eikonal equation, as well as consequences of some 
other concepts such as Huygens’ principle (Cerveny, 2001).  
 
2.3 Inverse Modeling 
The method described in this section can be applied to invert velocity structural 
images from the first-arriving P- and S-wave phases and is similar to the nonlinear 
inversion procedure of Hole (1992).  This section also describes a major modification by 
Shen (1999) to the original tomography software package of Benz (1996).  In the original 
inversion package, a constant 
SP
VV  ratio was assumed and the S-wave velocity model 
was determined from the resultant P-wave model.  In the modified version, the P-wave 
velocity model and the S-wave velocity model are determined independently, and P- and 
S-wave arrival time data are used to determine the earthquake location.  Seismic waves 
emanating from a source travel through a given medium and are observed at stations.  For 
a source-receiver pair, the arrival time, t , is written as 
Tt += !       2.3.1  
where !  is the origin time of an earthquake.  T is the travel time from the source to a 
receiver and is expressed using ray theory as a path integral (Hole, 1992), 
[ ]
!=
)(
)(
rul
dlruT      2.3.2  
where )(ru  is the slowness (reciprocal of velocity), defined as a function of the 3-D 
position vector r .  The variation in arrival time, t! , due to perturbations in earthquake 
location and slowness structure along the ray path, is written as  
Tt !+!=! "       2.3.3  
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For a given source-receiver pair, travel time T  can be written as 
),,,( uzyxTT =       2.3.4  
Thus, 
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where x! , y! , and z!  are the perturbations to the hypocenter location and u!  is the 
perturbation to the slowness structure.  The last term of equation 2.3.5 is the difference of 
travel time due to the perturbation in the velocity structure.  Using equation 2.3.2 and the 
increment theorem and ignoring higher order terms, the last term of equation 2.3.5 
becomes 
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Fermat’s principle states that a seismic ray, in going between two points, must traverse a 
path length that is stationary with respect to variations of the path.  Therefore, assuming 
that the velocity variations are not too large, the integral over the ray path [ ])()( rurul !+  
can be replaced by the integral over the ray path [ ])(rul  (Hole, 1992).  Equation 2.3.6 
becomes  
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Introducing equation 2.3.7 to equation 2.3.5, then 
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Thus, equation 2.2.3 becomes 
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For multiple sources and receivers denoted by i  and j , respectively, 
iiii
cal
ij
cal
ij uzyxTt !+= ),,,(      2.3.10  
where calijt  is the calculated arrival time, 
cal
ijT  is the calculated travel time from the 
thi ! source to the thj !  receiver, 
i
!  is the origin time of the thi !  earthquake, 
i
x , iy  
and 
i
z  are the thi !  earthquake location, and u  is the assumed slowness structure.  calijT  
can be obtained using the a priori information (initial earthquake location and slowness 
model).  Assuming the differences between the observed and the calculated arrival times 
come from small differences in earthquake locations, origin times, and slowness 
structure, the observed arrival time can be written as 
),,,,( uuzzyyxxtt iiiiiiii
cal
ij
obs
ij !+!+!+!+!+= ""    2.3.11  
where 
i
x! , iy!  and iz!  are small perturbations in the thi !  earthquake hypocenter, i!"  
is an adjustment to the origin time of the thi !  earthquake, and u!  is an adjustment to 
the assumed slowness structure.  The observed arrival time and the calculated travel time 
are approximately related by 
iiiiiiii
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Given a set of observed arrival times, obsijt  (for P- and/or S-waves), the calculated arrival 
times calijt  are determined using trial hypocenters, origin times, and an initial seismic 
velocity model (the initial information).  The misfit between the observed and the 
calculated arrival times is defined by the residuals, ijr , 
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Using equation 2.3.9, residuals are 
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By parameterizing the reference slowness model in terms of blocks and denoting calijT  as 
ijT , equation 2.3.14 becomes 
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where integration is replaced by summation, qijl )(!  is the ray length within the thq !  
cell, 
q
u!  is the slowness perturbation for the thq !  cell, and N is the total number of 
cells in the model.  The right-hand side of equation 2.3.15 contains the desired model 
adjustments.  If the number of observations corresponding to the thi !  earthquake is 
i
L , 
the set of equations 2.3.14 for the thi !  earthquake can be written in matrix notation as 
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(Shen, 1999) where  
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where 0
i
r is the vector of arrival time residuals, 0
i
A  is the matrix of hypocenter partial 
derivatives estimated at the source region, h!  is the vector of perturbations to the 
hypocenter and origin time, 0
i
B  is the matrix containing the length increments dl per cell 
sampled by a source-receiver pair, and u!  is the vector of slowness perturbation to the 
reference model.  The following analysis is based on Shen (1999).  A weighting matrix 
associated with the thi !  earthquake is defined by 
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where ijw  is the observation weight assigned to the arrival time from the thi !  
earthquake to the thj !  station when arrival times are picked from the seismograph.  The 
off-diagonal elements of 
i
W  are zero.  Multiplying both sides of equation 2.3.15 by 
i
W  
gives  
uBWhAWrW
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By defining 
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we have a system of equations for the thi !  earthquake 
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Accurate determination of velocity structure requires a large number of sources.  There is 
one such system of equations for each earthquake source, resulting in a prohibitively 
large number of unknowns.  We can write equation 2.3.20 for n  earthquakes 
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This can be simplified as 
uBhAr !+!=       2.3.22  
where 
 25 
!
!
!
!
!
!
!
!
"
#
$
$
$
$
$
$
$
$
%
&
'
'
=
n
r
r
r
r
r
3
2
1
, 
!
!
!
!
!
!
!
!
"
#
$
$
$
$
$
$
$
$
%
&
'
'
'
=
n
A
A
A
A
2
1
, 
!
!
!
!
!
!
!
!
"
#
$
$
$
$
$
$
$
$
%
&
'
(
(
(
'
'
='
n
h
h
h
h
2
1
, and 
!
!
!
!
!
!
!
!
"
#
$
$
$
$
$
$
$
$
%
&
'
'
'
=
n
B
B
B
B
2
1
 .   
 
To reduce the burden of computing the inverse, Pavlis and Booker (1980) 
introduced a parameter separation method based on the singular value decomposition 
(SVD), which decouples the slowness and hypocenter perturbations.  The SVD of the 
matrix 
i
A  is the factorization  
T
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where the columns of 
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U  are the orthogonal eigenvectors of T
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AA , 
i
!  is a diagonal 
matrix with the singular values of 
i
A , and the columns of 
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V  are the orthogonal 
eigenvectors of 
i
T
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AA . If 
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A  is of rank p , we can write 
i
U  as  
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By left multiplying both sides of equation 2.3.24 by T
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0 , and using the orthogonal 
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equation 2.3.20 becomes 
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Thus the system of equations is, 
uBr !"="      2.3.27  
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This equation can be solved using the LSQR algorithm (Paige and Saunders, 1982), 
which provides a least squares solution to equation 2.3.26 with accuracy comparable to 
the singular value decomposition and efficiency comparable to the back projection 
techniques (Nolet, 1985, 1993).  The LSQR method, due to Paige and Saunders (1982), is 
the most efficient method so far available to solve linear tomographic systems, whether 
over-determined, under-constrained, or both (Nolet, 1985, 1993; Benz et al., 1996). 
 Constraint equations are used to minimize artifacts due to the model 
parameterization and solution instability (Lees and Crosson, 1989).  Controlling the 
model roughness or the degree of variation in slowness is achieved by the requirement 
that the Laplacian of the slowness field must vanish, 
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The numerical representation of the above equation results in a set of smoothness 
constraint equations of the form: 
0)(6 1,,1,,,1,,1,,,1,,1,, =+++++! +!+!+! kjikjikjikjikjikjikji uuuuuuu  2.3.29  
where i,  j and k are the integer spatial index of the x, y and z coordinates of the cells, 
kjiu ,,  is the slowness of the cell identified by i, j, and k, and 1,1,1 ±±± kjiu  are the slowness of 
the adjacent cells.  Using the smoothness constraints, equation 2.3.27 may be written in 
the form:  
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where E is the set of smoothness-constraint equations.  Here, the smoothing parameter, s, 
defines the trade-off between the minimization of the data-misfit and model roughness 
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(Benz et al., 1996; Shen, 1999).  Low smoothing parameters will yield a solution with 
probable oscillating model perturbations and high model variance, whereas high 
smoothing parameters will lead to a smooth solution without a significant decrease in 
data variance.  Eberhart-Phillips (1986) proposed to determine smoothing parameters by 
performing a series of single iteration inversions with varying values.  The smoothing 
values should lead to a significant decrease in data variance without a strong increase in 
model variance.  Since the damping value depends on the model parameterization, 
synthetic tests should also be used to verify the chosen values. 
 In the original tomography package of Benz (1996), a 3-D 
P
V  model is inverted 
first.  Selected earthquakes are then relocated using the resultant 3-D P-wave velocity 
model and assuming a constant 
SP
VV  ratio.   Shen (1999) modified the original 
tomography package of Benz (1996) to invert 3-D 
P
V  and 
S
V  models independently and 
relocate earthquakes using the resultant 3-D 
P
V  and 
S
V  models.  This is achieved by 
following the formulation by Pujol et al. (1989).  Equation 2.3.16 for P- and S-waves can 
be written as 
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where superscript P and S indicates P- and S-wave, respectively.  Equations 2.3.31 show 
that the system of equations is coupled only though the adjustment of earthquake source 
parameters. After rearranging terms, the equation becomes 
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Adjustments to the thi !  earthquake location and origin time can be determined by 
solving 
i
h!  using an SVD algorithm and damped least squares.   Hypocenter parameters 
for each earthquake are automatically updated after each iteration. 
 
2.4 Earthquake Relocation using a 3-D VP and VS Velocity Structure 
A traditional local earthquake location found assuming a horizontally layered 
homogeneous velocity model is always limited in its resolution and reliability due to the 
existence of the frequently overlooked 3-D complexity of the real earth.  Earthquake 
hypocenters can be significantly mislocated in the up to a few kilometers when large 
lateral velocity and structural variations are not accounted for properly in a routine local 
earthquake location. 
Selected local events were relocated simultaneously during a velocity inversion, 
which is a routine procedure for many local and regional earthquake tomography studies.  
Simultaneous inversion of velocity structure and earthquake relocation, however, requires 
a large volume of arrival time data and is also very time-consuming.  Consequently, only 
selected good quality earthquakes are relocated as a part of simultaneous determination of 
velocity and earthquake hypocenters. Chiu et al. (2003) and Chen et al. (2006) proposed 
a new computer algorithm to efficiently relocate every earthquake after reliable three-
dimensional VP and VS models are determined.  A 3-D grid is first designed to cover the 
entire region of potential earthquake locations and recording stations.  VP and VS 
information at each grid point is determined from a 3-D inversion.  Since the velocity 
model remains unchanged during earthquake location, travel time parameters from every 
grid point to all surface stations can be calculated using a robust 3-D travel time 
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calculation routine by Podvin and Lecomte (1991) and stored in disk files for later use.  
Once a trial hypocenter is selected (e.g., a preliminary location using a homogeneous 
layered velocity model), travel times from the trial hypocenter to surface stations can be 
easily determined from a linear interpolation of those from the adjacent eight grid points 
without a very time-consuming point-to-point 3-D ray tracing calculation.  Using an SVD 
algorithm with damped least squares to minimize the differences between the observed 
and the calculated travel times, earthquakes can be relocated iteratively and effectively.  
Applying this new location method, Chiu et al. (2003) and Chen et al. (2006)  
demonstrated its efficiency using data recorded by the seismic network of the Center for 
Earthquake Research and Information (CERI) in the New Madrid seismic zone.   In the 
present study, all earthquakes with more than 5 phase-readings are relocated using this 
new method after the representative 3-D 
P
V  and 
S
V  models for the San Juan region was 
determined.  
 
2.5 Summary 
 A finite-difference method based on Huygens’ principle is used to calculate travel 
times from sources to stations (Podvin and Lecomte, 1991).  The main strengths of this 
approach are that there are no approximations involved in solving the wave equation, 
sharp velocity discontinuities are handled properly, and waves other than the direct waves 
are also properly considered.  This method is appropriate for the complex geologic 
structure expected in the Andean foreland region of San Juan, Argentina.  Relocated 
earthquake hypocenters using the resultant 3-D P- and S-wave velocity models will 
produce more reliable hypocenters than those determined assuming a simple 
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homogeneous layered earth model.  Since the new relocation algorithm of Chiu et al. 
(2003) and Chen et al. (2006) can be applied to every single locatable event, the high 
quality relocated earthquake database will provide an unprecedented opportunity to 
explore the spatial distribution of earthquake hypocenters and their correlation to 
subsurface structures. 
 
 
 
 
 
 
 
 
Figure 2.1. Raypath coverage utilized in local earthquake tomography, where criss- 
crossing paths from many nearby earthquakes to seismic stations are used in joint 
inversions to determine both source locations and crustal structure (after Thurber, 1993). 
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CHAPTER 3 
DATA AND DATA PROCESSING 
 
3.1 Introduction 
PANDA seismic network was deployed between August, 1987- and May 1988 in 
the Andean foreland of Argentina. The San Juan, Argentina experiment was a joint 
international project involving the University of Memphis, Cornell University, the 
Instituto Francais de Recherche Scientifique Pour Developmente en Cooperation 
(ORSTOM), and the Instituto Nacional de Prevención Sísmica (INPRES) of Argentina. 
The network comprises 40 three-component short period stations that were deployed at 
26 sites of which three were composed of small aperture sub-arrays (Figure 3.1). Each 
station consists of two, three-component data streams, three high-gain and three low-gain 
channels, which resulted in an effective dynamic range of approximately 90 dB (Chiu et 
al., 1991).  The three small-aperture arrays at Coronel Fontana (CFA), La Laja (LLA), 
and Las Flores (CFL), operated with a varied number of stations and inter-station 
spacing. CFA and LFL consist of six and four stations respectively and are located close 
to the epicenter of the 1977, Caucete Ms = 7.3, earthquake. The LLA array consisted of 
six stations near the epicenter region of the 1944 San Juan earthquake (Ms =7.4) that 
produced a total of 60-70 cm of surface offset (Castellanos, 1945). The resulting PANDA 
network provided dense spatial coverage over an area of approximately 200 km x 150 
km. Seismic signals from the field stations are transmitted via FM radio to a recording 
center for trigger detection and digital data archiving at 100 samples per second. During 
the fieldwork period, the PANDA array recorded more than 25000 local, regional, and 
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teleseismic events. Only a subset of the data, when the network became fully operational, 
was analyzed for various research topics in previous studies (Vlasity D., 1988; Vlasity J., 
1988; Chen, 1990; Pujol et al., 1991; Reta, 1992; Smalley et al., 1993 and Regnier et al., 
1994). However, 3-D Vp and Vs structures for crust and upper mantle beneath the San 
Juan region were not resolved in these earlier studies. 
 
3.2 Automatic Phase Picking 
The existence of a large number of events recorded by the PANDA network 
motivates the implementation of an automatic seismic phase detection algorithm. Many 
algorithms have been suggested for automatic picking of seismic signals. Withers et al. 
(1998) summarized previously used methods into four categories: time domain 
(STA/LTA, Z statistic), frequency domain (frequency transient), particle motion, and 
adaptive window length processing. Algorithms based on wavelet analysis (Anant and 
Dowla, 1997; Zhang et al., 2003) and polarization analysis (Vidale, 1986; Reading et al., 
2001) have also been suggested. An algorithm based on the STA/LTA ratio is used for 
this study. 
  The first step in the data processing was to prepare a relational database and 
convert the panda data to a mini-seed format so that they can be analyzed using Antelope 
software, provided by Boulder Real Time Technologies, Inc. (BRTT) through the 
Incorporated Research Institutions for Seismology (IRIS). The algorithm dbdetect, a 
subset of Antelope was selected for this purpose. Dbdetect is simply based on the ratio of 
short-term average (STA) and long-term average (LTA) running windows. Detection of 
an event is declared when the ratio STA/LTA exceeds a given threshold value. The 
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algorithm is very sensitive to the frequency content of seismic signals, length of the LTA 
and STA windows as well as the given threshold value.   
Vertical component seismograms were used for P-waves detection, using STA 
and LTA window lengths of 1 and 10 seconds, respectively, with a threshold value of 4.  
The resulting detection produces excellent arrival times. However, the detection of S-
waves from the horizontal components was unsuccessful. The reason was the presence of 
large amplitude arrivals in the horizontal components before the S arrivals. Thus the 
program was picking these arrivals instead of the actual S arrivals. Many trials were 
performed by changing the threshold value, the STA/LTA ratio, bandpass filtering as 
well as rotating the horizontal components into radial and transverse components but 
none of these changes resulted in reliable detection of S. We found that by adding white 
noise up to the arrival of P-wave to the horizontal with amplitude equivalent to the 
maximum P wave amplitude, reliable S detections could be made.  The STA/LTA 
detector applied to the records with pre P arrival noise added resulted in a remarkable 
improvement of S wave detection (Figure 3.2).  
Different values of the STA, LTA and threshold values were used for shallow and 
intermediate events. STA and LTA windows of 4 sec and 25 sec, respectively, were 
deemed reasonable for intermediate events, while a STA window of 1 sec and a LTA 
window of 10 sec were preferred for shallow crustal events. Threshold values of 3.5 and 
4 were selected for intermediate and shallow respectively. After auto detection the arrival 
time data was verified and weights were assigned manually. Moreover, additional arrival 
time data from the previous study of Smalley (personal communication, 2010) were 
added to the database. These previously picked arrival times are from the same PANDA 
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network and include both intermediate events and shallow events under Matagusanos 
valley. 
 
3.3 Selection Criteria 
To assure high quality arrival time data and to achieve the best possible 
distributed seismic sources it was necessary to apply selection criteria to the seismic data. 
Out of the 40 stations in the PANDA network, 26 stations were selected for this 
tomography study. Station O14 is removed for two reasons: First it is located very far 
from the main network, where seismicity is very low, and thus its inclusion for this 3-D 
inversion would increase the model area without contributing significant additional 
information. Second most of the arrival time picks from this station are not of good 
quality. Only one station was selected from each of the small aperture arrays within the 
network. Stations I01, I06, and I13 (Figure 3.1) were preferred because they were 
operational throughout the entire deployment time. The location of each station in the 
small aperture array was changed at various times, thus the selected stations were the 
ones with no or minimum location change.  
Only events with 9 or more P-wave arrivals and 5 or more S-wave arrivals were 
selected. To better approximate the flat Earth assumption (Snake and Lahr, 2001), event-
station pairs with epicentral distances greater than 140 km were excluded. Similarly, 
travel time data with large residuals were removed to avoid outliers due to mispick. We 
imposed a residual cutoff of 1.5 sec and 2.5 sec for P-wave and S-waves, respectively 
(Figure 3.3). Additionally, because hypocenters were unevenly distributed across the 
volume, data were de-clustered to remove overly redundant ray paths. A horizontal grid 
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model with 2 km x 2 km x 2 km cell size was designed and the two best events per cell, 
based on the number of observations were selected. 
A total of 1219 well-located events consisting of 461 crustal events and 785 
intermediate events from the subducting slab (Figures 3.1, 3.4, and 3.5) satisfied the 
aforementioned criteria. This resulted in a total of 25,624 P-wave arrival times and 
23,698 S-wave arrival time picks (Figure 3.5). 
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Figure 3.1. Station distribution of the Panda network near San Juan.  Red triangles are 
the individual stations and the blue triangles represent the location of the array 
stations. The cyan and green circles are the shallow and intermediate depth events 
seismicity selected for inversion in this study. The profile shows the depth distribution 
of the shallow and intermediate earthquakes. Study area is divided into 2 km x 2 km × 
2 km cells, and two events inside each cell recorded by most stations are selected to 
obtain evenly distributed earthquakes sources. 
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Figure 3.2 Comparison of S-wave auto picking (a) before and (b) after noise addition. S wave 
picks improved for 26 stations out of the 28. Detections on stations affected by data dropout 
(e.g stations I07 and O03) were removed during hand picking. 
(a) (b) 
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Figure 3.3. Residuals versus travel time plots for P and S before the inversions. 
Dashed lines indicate residual cutoffs for P and S applied for the velocity inversion. 
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Figure 3.4. Events selected for the 3-D velocity inversion. A bimodal distribution of 
events exists in San Juan, Argentina. More than 50% of the shallow crustal seismicity 
is in the depth range between 20 to 30 km, and that of intermediate seismicity is 
between 100 to 110 km.  
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Figure 3.5. P- and S-wave arrival time residuals.  Synthetic travel times are 
calculated based on the 1-D velocity model of Smalley and Isacks (1988). Note 
different vertical scales are used in the four figures. 
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CHAPTER 4  
JOINT HYPOCENTER DETERMINATION  
 
4.1 Introduction 
Because the study area spans the boundary between two regional-scale geologic 
terranes, the metamorphic basement of the Sierras Pampeanas on the east and foreland 
the basin sedimentary rocks of the Precordillera on the west, a laterally homogeneous 
velocity model is not appropriate (Figure 4.1).  These lateral structural variations can be 
smapled by the traveling seismic waves in the media and are evidenced as arrival time 
residuals at seismic stations. Thus, arrival time residuals provide information about the 
difference between the real Earth between a given velocity model and the real earth and a 
given velocity model along the ray path. A proper quantitative estimation of large lateral 
structural variations on travel time is essential in the search for a more realistic initial 
velocity model prior to velocity inversion.  Previous studies in seismic tomography 
suggest that a reliable starting model is one of the most important factors to ensure 
reliable results from a velocity inversion (Kissling et al., 1994).  The joint hypocenter 
determination (JHD) method (Pujol, 1988) is a straightforward and effective way to 
account for lateral velocity variations not properly included in the 1-D velocity models 
commonly used to locate earthquakes. The basic idea behind the technique is the 
simultaneous location of a group of clustered earthquakes and the estimation of 
representative station corrections. Under appropriate conditions, which will be discussed 
further below, the station corrections accommodate the un-modeled velocity variations, 
thus improving the relative locations of the events. JHD always improves relative 
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locations. The effect of JHD on absolute locations, however, may or may not be an 
improvement and it depends on the nature of the lateral velocity variations (Pujol, 2000).   
The use of average residuals in lieu of a JHD station correction is common 
(McLaren and Frohlich, 1985). However, it is important to note that the effect of both 
sets of values on earthquake location could be different. McLaren and Frohlich (1985) 
applied average residuals to relocate a particular set of synthetic data for the Alaskan 
Wadati-Benioff zone. The resulting locations were nearly indistinguishable from those 
determined by single-event methods, although the RMS residuals were significantly 
reduced for most of the relocated events. On the other hand, Ratchkovsky et al. (1997) 
carried out an analysis of synthetic data for the same area, and found that the JHD 
locations represent a significant improvement over the single-event location. Another 
synthetic dataset that demonstrates a major difference between JHD corrections and 
average residuals is based on the results of the relocation of events from the near-
horizontal portion of the subducting Nazca plate (Pujol, 2000).  The main conclusion of 
these studies is that the average residuals do not appear to be an adequate substitute for 
the exact JHD station corrections for local network studies, and that the reduction in 
RMS residuals that accompanies the use of average residuals gives a misleading sense of 
improvement.  
It is also important to notice that the size of the cluster (the size of hypocentral 
volume) used for JHD analysis should not be much smaller than the aperture of the 
network. The effect of using a cluster too small is to reduce the size of the smallest non-
zero singular values. If the singular values become so small that they must be taken as 
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zero in the computation, it is well known that the solution becomes nonunique, which in 
turn may affect the quality of the relocations (Pujol, 2000).  
As previously discussed, the PANDA network covers two regional-scale geologic 
terranes. Therefore, earthquakes from the two geologic setting were clustered separately. 
Shallow crustal events beneath Sierra de Pie de Palo is divided into clusters 1 and 2 (C-1 
and C-2 in Figure 4.2) and that of the events beneath Matagusanos valley are grouped 
into cluster 3 (C-3 in Figure 4.2). The intermediate-depth events are considered 
separately as a single cluster (cluster 4- blue crosses in Figure 4.2). 
Pujol et al. (1991) used a selected subset earthquake data from the same network 
to investigate JHD station corrections in the study area. In this study, we use six times as 
many earthquakes and a more evenly distributed set of earthquakes beneath and 
surrounding Pie de Palo than previously used in Pujol et al. (1991).  In addition, data 
from stations O09, I19, and I18 were previously not used, because not an insufficient 
number of picks from those stations (Pujol et al., 1991). Using the automatic picker, the 
aforementioned stations recorded enough data and are included in this study. The clusters 
used by Pujol were almost similar with ours except that of the Pie de Palo. Pujol 
performed two trials for Sierra de Pie de Palo, one cluster with events restricted beneath 
Pie de Palo and second cluster with all seismicity surrounding Pie de Palo. 
 
4.2 Pattern of P and S corrections 
Each event selected within the four clusters used in this study has at least 10 P-
wave arrivals and 5 S-wave arrivals. During the JHD analysis the selected events have to 
further satisfy two additional criteria; the condition number of the matrix of partial 
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derivatives has to be less than 150 to avoid poorly constrained locations (Pujol et al., 
1997), and the RMS residual is not to exceed 0.2 sec in the last iteration. 
 
4.2.1 Cluster 1 
  Events in this group are located beneath the central and northern Pie de Palo. 
The need to divide Pie de Palo events into two groups comes from previous studies of 
Pujol et al. (1991) and Regnier et al. (1992).  Regnier et al. (1992) suggested that based 
on seismicity pattern, focal mechanism, and morphological evidences, the Pie de Palo 
range could be divided into two blocks separated by a northeast striking fracture called 
Quebrada de Gato (Varela et al., 2011). Moreover, the work of Pujol et al. (1991) shows 
that station corrections determined from events from clusters 1 and 2 have some 
differences.  
After applying the data selection criteria described in the above, 136 events were 
selected for JHD analysis for cluster 1. The number of earthquakes relocated was reduced 
to 131 after six iterations. Four events were rejected during the analysis due to a large 
arrival time residual and/or large condition number in the earthquake location. The P- and 
S-wave station corrections (Figure 4.3) show a pattern of positive and negative values 
associated with the Precordillera and Sierra de Pie de Palo, respectively. The JHD station 
corrections vary over a large range: -0.34 to 0.46 sec and -0.90 to 0.87 sec for P- and S-
waves, respectively. This agrees very well with the previous study of Pujol et al. (1991). 
However, station corrections determined in this study for stations on the eastern edge of 
Sierra de Pie de Palo and the stations further east on Sierra de Valle Fértil show some 
features that are different from the previous study.  The positive corrections determined 
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in the previous work for the eastern stations (O17, O18, and O19) are not observed in this 
study. With the exception of O18, which has a zero correction, all stations in Sierra de 
Pie de Palo and Sierra de Valle Fértil show negative station corrections. The Precordillera 
stations east of the Matagusanos fault and west of Sierra de Pie de Palo (Figure 4.3) have 
negative corrections (with the exception of station I19, which is in the basement of 
INPRES and is in a sedimentary basin), while stations west of the fault have relatively 
large positive corrections. After JHD relocation, the average travel-time RMS residual 
reduced from 0.37 sec for the single-event locations to 0.11 sec. Most earthquakes shifted 
toward the northwest from their initial location. On average the hypocenters moved 1 km 
to the north, and 1km to the west. However, the change in depth was insignificant with an 
average increase in depth of 0.2 km.  
 
4.2.2 Cluster 2  
Selected events in cluster 2 are located beneath the southern and eastern edge of 
Pie de Palo. Cluster 2 consisted of 144 earthquakes with 126 events remaining after six 
iterations. The pattern of P- and S-wave station corrections are similar to that determined 
using cluster 1 events (Figure 4.4). The major difference observed is the pattern and 
magnitude of the corrections for the stations surrounding the Ampacama valley. Stations 
O17, O18, I17, and I18 all show positive station corrections. In contrast to the 
hypocentral shifts observed in the relocations of cluster 1, the relocated hypocenters from 
cluster 2 shifted toward the southeast. On average the hypocenters shifted 2.4 km to the 
east, 1.5 km to the south, and became 2.3 km shallower. The station corrections vary 
from -0.47 to 0.73 sec and -0.62 to 1.35 sec for P- and S-waves, respectively. The final 
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average RMS residual decreased from 0.30 sec for the single-event locations to 0.12 sec 
after JHD relocation. 
 
4.2.3 Cluster 3  
Events in cluster 3 are located in the basement rock beneath the Matagusanos 
valley.  In the first iteration, cluster 3 included 184 earthquakes that were reduced to 124 
after the final iteration. As observed in Figure 4.5, all corrections for Pie de Palo and 
Valle Fértil stations are negative. Whereas, for stations west of the Matagusanos fault the 
corrections are positive with larger amplitude. On the other hand, the corrections for 
stations east of the Matagusanos fault and west of Pie de Palo are negative or positive 
with small absolute values.  P- and S-wave station corrections vary from -0.44 to 0.55 sec 
and -1.07 to 0.95 sec, respectively. The RMS residual is reduced from 0.34 sec to 0.13 
sec. The relocated hypocenters show consistent westward shift of about 3 km with a very 
small (0.2 km) shift toward the north. The depth of the hypocenters became shallower by 
an average of 1.4 km. The observations of large positive P- and S-wave station 
corrections, and consistent westward shift and shallowing of relocated hypocenters 
suggest the existence of a low velocity region beneath the Precordillera. 
 
4.2.4 Cluster 4  
In addition to computing the station corrections, determining accurate locations, 
especially depth, is very important for cluster 4. This is due to the fact that, from single 
event locations, a slightly westward dipping, Wadati-Benioff zone is observed. This is 
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interpreted as evidence for a Moho dipping about 6° to the west (Smalley and Isacks, 
1987).  Therefore, the selection of earthquakes for joint location is critical.  
Pujol et al. (1991) showed that using smaller clusters resulted in a large condition 
numbers and a loss of numerical stability, that required the cancellation of small singular 
values in the computation of the generalized inverse. They also found that cancellation of 
small singular values resulted in substantial mislocation of hypocenters. Overall 875 
intermediate depth events covering a wide area were selected for cluster 4. A few events 
outside the network with well-constrained hypocenter locations were also included.  
Another useful indicator of the numerical stability of the JHD solution is the sum of the 
P- and S- wave station corrections, which should remain close to zero if the initial 
estimates are set equal to zero (Pujol et al., 1989b).  The sum of the station corrections 
for this cluster is equal to 5.2 x 10-4, a value close to zero. The number of events in this 
group reduced to 658 after the final iteration. Almost all the relocated hypocenters shifted 
toward west, with a mean value of 8.3 km. The depth of the hypocenters also becomes 
shallower with an average shift of 7.5 km. P- and S-wave station corrections vary from -
0.99 to 0.47 sec and -1.16 to 1.63 sec, respectively. The final RMS residual reduced from 
0.20 sec to 0.13 sec after relocation. The pattern of station corrections obtained from 
cluster 4 is consistent with that of cluster 1 but with different amplitude. Stations beneath 
and east of Pie de Palo show negative corrections near 0.6 sec while stations west of the 
Matagusanos fault have positive corrections near 0.3 sec. 
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4.3 Discussion 
From the distribution of both P- and S-wave station corrections, it can be deduced 
that the area from west of the Matagusanos fault and the eastern limit Sierra de Pie de 
Palo is underlain by high velocity material.  This is further supported by the surface 
geology in which mafic-ultramafic and high-grade metasedimentary rock are exposed at 
the surface on which the stations are located. One exception to this is the station 
correction observed beneath station I19 that consistently shows a relatively large positive 
correction. Station I19 was installed in the middle of the Tulúm valley; hence the positive 
correction can be associated with the rays passing through this sedimentary basin. The 
positive station corrections beneath the southeastern edge of Pie de Palo observed from 
cluster 2 and the small negative or zero station correction beneath the same area from 
cluster 1, suggest the existence of relatively low velocity materials underneath the 
southeastern edge of Pie de Palo range. Furthermore, seismic rays from events in cluster 
2 are apparently affected by the presence of a shallow sedimentary basin Ampacama 
valley, which might help to explain the positive corrections associated with cluster 2 
events. The southeastern edge of Sierra de Pie de Palo, where station O18 is located is 
apparently underlain by sedimentary rocks (Figure 1.3).  The consistent shift of events of 
cluster 2 toward the southeast and the shallowing of the relocated events also support the 
observation of a low velocity anomaly beneath the southeastern edge of Sierra Pie de 
Palo. The negative corrections for stations in Sierra de Valle Fértil (I17 and I18) from 
cluster 1 indicate that the rays from this cluster didn’t travel through the low velocity 
material mapped by using cluster 2 events, indicating that the low velocity material is 
only confined to the southeastern edge of Pie de Palo. Negative corrections from the 
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intermediate depth events further support the interpretation that the low velocity anomaly 
beneath the southeastern edge of Pie de Palo is a local anomaly. The vertical rays from 
the intermediate depth events did not sample this localized low velocity anomaly.   
West of the Matagusanos fault, all the station corrections (both P and S) are 
consistently positive and the relocated events from clusters 3 and cluster 4 became 
shallower and moved toward the WNW. These observations show that the area beneath 
the Precordillera is underlain by the low velocity materials. This pattern of correction is 
compatible with the presence of sedimentary rocks in the Andean Precordillera region.  
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Figure 4.1. Location of the PANDA stations (blue triangles) and major tectonic features 
in the study area. Solid blue lines are mapped reverse faults. Shaded areas correspond to 
mountains, and white areas correspond to sedimentary basins. The east bounding faults 
of Sierra de Pie de Palo dip to the west and the fault east of Matagusanos valley, 
referred as Matagusanos fault, dips to the east (modified from Pujol et al., 1991). 
 
 
 
 
 
 
 
 
 
 
Ampacama 
Valley 
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Figure 4.2. The four clusters used for shallow crustal JHD. The red filled circles are 
the events used within each cluster marked by the blue boxes. C-1, C-2, and C-3 
represent cluster 1, 2, and 3 respectively. Blue crosses represent intermediate depth 
events selected (cluster 4) for JHD analysis. Triangles are stations of the Panda 
Network. 
C-1 
C-2 C-3 
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 Figure 4.3. Results of the JHD analysis for Cluster 1 showing (a) contour plot of the P-
wave station corrections, (b) S-wave station corrections, (c) a histogram of horizontal 
epicenter shifts in E-W direction,  (d) a histogram of horizontal epicenter shifts in N-S 
direction, and  (e) a histogram of depth shifts where positive depth shift means the 
relocated hypocenter became deeper.  
(a) (b) 
(c) (d) 
(e) 
Cluster 1 
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Figure 4.4. The same as in Figure 4.3 but for Cluster 2. Note that the range and scale are 
different. 
 
(a) (b) 
(c) (d) 
(e) 
Cluster 2 
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Figure 4.5. The same as in Figure 4.3 but for Cluster 3. Note that the range and scale are 
different. 
 
 
(a) (b) 
(c) (d) 
(e) 
Cluster 3 
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Figure 4.6. The same as in Figure 4.3 but for Cluster 4. Note that the range and 
scale are different. 
 
(a) (b) 
(c) (d) 
(e) 
Cluster 4 
 56 
 
 
 
Table 4.1 
Mean shift of hypocenters of the four clusters after JHD relocation. Negative shift 
means epicenters moved to the west and south. Negative vertical shift means shallowing 
of events. 
Mean Shift  (Km) Clusters # of EQs before 
Relocation 
# of EQs after 
Relocation E-W N-S Depth 
Cluster 1 136 131 -0.96  0.98 0.21 
Cluster 2 144 126 2.42 -1.49 -2.27 
Cluster 3 184 124 -2.98  0.27 -1.42 
Cluster 4 785 658 -8.28 0.71 -7.50 
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CHAPTER 5 
SYNTHETIC TESTS 
 
 
5.1 Initial Velocity Model  
A good starting model is one of the most important factors required for a reliable 
velocity inversion (Kissling, 1998). Thus, it’s very important to determine an optimal 
starting model for the inversion. Station correction obtained from JHD analysis and 
arrival time residuals obtained from earthquake locations using a homogeneous layered 
model suggests that there are large lateral velocity variations across the area of the 
PANDA network. Different initial models were tested using the same arrival time data. 
The first initial 3-D model is constructed based on a three layer over a half space 
1D model and a Vp/Vs ratio determined from the analysis of Wadati diagrams (Vlasity, 
1988). The 1-D model uses refraction data to constrain for the top layer (Bollinger and 
Langer, 1988) while the bottom two layers are constrained using teleseismic and local 
data (Volponi, 1968). The second initial velocity model was constructed by including the 
better-known shallow subsurface velocity in the upper-most crust.  P- and S-wave station 
corrections determined from JHD analysis discussed above and arrival time residuals 
from earthquake locations show significant lateral crustal velocity variations across the 
foreland region of San Juan, Argentina. The observed station correction and arrival time 
residuals are quantified and their effect is incorporated into the starting model. It was 
assumed that the lateral velocity heterogeneity observed is in the upper 10 km and hence 
percentage changes in velocity, with respect to the homogeneous 1-D layer, that can 
produce this station corrections were calculated and were implemented into the starting 
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model.  Finally, lateral variations of crustal thickness are incorporated into the initial 
model. The crustal thicknesses were taken from converted wave (Regnier et al., 1994), 
Pn (Fromm et al., 2004), and receiver function studies (Gilbert et al., 2003). The initial 3-
D S-wave velocity model is derived by assuming a constant Vp/Vs ratio of 1.75 
determined from the study of Wadati diagrams from Vlasity (1988). 
 
5.2 Model Parameterization 
Based on the source-receiver configuration in the study area, the model selected 
for 3-D inversion covers an area of 160 km in the north-south direction, 230 km in the 
east-west direction and 134 km depth with 4 km above and 130 km below sea level. In 
areas with large topographic variations, like the San Juan area, it is important to 
incorporate station elevation in the velocity inversion. The highest elevation within the 
network is around 3.2 km; hence 4 km above sea level is added to the model resulting in 
a total of 134 km vertical dimension. The model is parameterized into 3-D grids with cell 
size of 10 km x 10 km x 2 km for velocity inversion and 2 km x 2 km x 2 km blocks for 
the forward traveltime calculation. The smaller block size for traveltime calculation is 
adopted to improve spatial resolution for traveltime calculation through the 3-D velocity 
models. 
 
5.3 Synthetic Tests 
Model resolution and model uncertainties are critically important in a tomography 
study. Source-receiver geometry and model parameterization, particularly cell size, have 
a significant impact on the estimation of resolution and uncertainties within a model 
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(Benz et al., 1996). Three synthetic tests were performed to qualitatively estimate 
resolution, uncertainties, and similarity between the real earth and the solution images. 
Following the approaches of Zhao et al. (1992) and Hole et al. (2000), the Checkerboard 
Resolution Test (CRT) and the Restoring Resolution Test (RRT), were carried out to 
examine how the true original velocity images could be retrieved in the inverted velocity 
images. The JHD method has also been applied to validate the resultant velocity 
structures from a comparison of the observed and synthetic station corrections.  
 
5.3.1 Checkerboard Resolution Test 
A Checkerboard Resolution Test (CRT) can be used to explore the spatial 
resolution of the ray coverage provided by the existing station-event geometry (Figures 
5.1 and 5.2). The data selected for this tomography inversion included both crustal and 
intermediate depth events. The intermediate depth events from the subducting Nazca 
plate are located directly beneath the seismic network at a depth of ~ 100 km. Seismic 
rays from these events are near vertical when recorded at the network stations. These 
vertical rays alone do not provide crisscrossing ray coverage required to achieve good 
spatial resolution. Therefore, using only these near vertical intermediate depth events for 
3-D inversion would not be recommended. However, combining the intermediate depth 
events with the crustal events improves the resolution capability greatly compared to 
using only crustal events that principally sample the blocks horizontally. To demonstrate 
this, two checkerboard resolution tests were performed, one using only crustal events and 
the second using all events, both crustal and intermediate events. 
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3-D P- and S-wave checkerboard velocity models are constructed by adding ±5% 
of velocity anomalies to a simple homogeneous velocity of 6 km/sec and 3.47 km/sec for 
P- and S-wave, respectively (Figures 5.1 a and d and 5.2 a and d).  Each block has a 
dimension of 10 km × 10 km × 2 km and the sign of the velocity anomalies change every 
5 blocks laterally, i.e., a large square of constant velocity consists of 25 smaller blocks 
and 10% of velocity change occurs across the boundary between the adjacent large 
squares.  The block of constant velocity spans the entire vertical extent of the 
checkerboard model. Synthetic travel times are calculated for the actual source-receiver 
pairs using the checkerboard velocity model (Figures 5.1 a and d and 5.2 a and d).  An 
iterative 3-D velocity inversion using the synthetic travel time data and a simple 
homogeneous 3-D initial velocity model, 6 km/sec for P-wave and 3.47 km/sec for S-
wave (Figures 5.1 b and c and 5.2 b and c) was performed.  
The results of the CRT shown in Figure 5.1 (c) and (f) and Figure 5.2 (c) and (f) 
for P- and S-waves, respectively, reveal that a block size of 10 km × 10 km × 2 km 
dimension is suitable to retrieve the 3-D velocity information from the existing station-
event geometry. The results of the CRT also indicate that sharp boundaries between the 
high- and low-velocity anomalies, as large as 10 % across the boundary, can be 
successfully recovered. The highest resolution and ray coverage is observed within the 
seismic network. The resolution of the CRT decreases gradually to the periphery of the 
network and dies out outside the network coverage. Comparison of the CRT results 
determined by using intermediate plus crustal events and crustal events only show that a 
significant improvement of resolution can be achieved by adding the intermediate events. 
Horizontally thin-sliced CRT results for P- and S-waves at a few selected depths are 
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shown in Figure 5.1 f, 5.2.f, 5.3, and 5.4. Notable resolution improvements can be seen in 
the thin-sliced image for 3 km depth in Figure 5.1 f for the P-wave and Figure 5.2 f for 
the S-waves. Similar observations are seen at depths of 10 and 20 km (Figures 5.3 and 
5.4). Below 20 km depth, the checkerboard cannot be resolved using only crustal events. 
However, the CRT results obtained by using the whole dataset show the pattern of the 
checkerboard is resolved very well with limited resolution of the magnitude of the 
anomalies. The ray coverage below 40 km depth comes from intermediate events only, 
which are all vertical rays coming from the same direction.  We don’t have many 
crisscrossing rays below this depth, hence affecting the resolution of the velocity 
inversion. Another problem that arises from rays coming from the same direction is the 
presence of vertical smearing. Therefore, precaution should be taken interpreting detailed 
velocity images from the deeper layers.  
Though vertical rays from the intermediate depth events do not provide enough 
magnitude resolution, they do provide improvement both in pattern and magnitude 
resolution when added with the crustal events for the 3-D velocity inversion. Therefore 
our resolution capability of the middle to lower crust is significantly improved by jointly 
inverting intermediate depth and crustal events. 
 
5.3.2. Spike Resolution Test 
 Spike Resolution Test (SRT) is a synthetic method used to test the recoverability 
of given model during the inversion. A rectangular block of size 50 km x 100 km x 10 
km was designed with +5 % velocity anomaly to a simple homogeneous P-wave velocity 
of 6 km/sec (Figure 5.5). SRT is also well suited to demonstrate smearing effect. Results 
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of the SRT show that the anomalous rectangular block is recovered very well within the 
network. However the recoverability is limited outside the network, as seen in Figure 5.5 
b. Figure 5.5.b shows that there is no significant horizontal smearing, but cross-sectional 
images (Figure 5.5 c-f) reveal vertical smearing beneath Sierra Pie de Palo and layers 
deeper than 45 km. Generally, the amplitude of the smearing ranges between 0.5% - 0.8% 
of the velocity of the homogenous model (6 km/sec). Therefore, the results of the SRT 
test indicate that the 3-D inversion can recover large anomalies within the network and 
the vertical smearing observed beneath Pie de Palo are very small and would not 
influence the interpretation of the 3-D results. 
 
 5.3.3 Restoring Resolution Test 
The Restoring Resolution Test (RRT) is a synthetic method used to check the 
effect of errors in the data during velocity inversion and earthquake relocation. Velocity 
images obtained in this study are treated as the initial 3-D velocity model and synthetic 
traveltimes were generated using the existing source-receiver distributions.  Normally 
distributed random errors were added to the synthetic arrival times to simulate the errors 
in the observed arrival time data. The magnitude of the random errors added, 0.1 sec and 
0.3 sec for P- and S-waves, respectively, were greater or equal to the picking errors 
associated with P- and S-wave phases. The synthetic dataset was inverted by using the 
homogenous 3-D initial velocity model to obtain final velocity images. Results from the 
RRT indicate that 3-D velocity images can be successfully reconstructed despite the 
existence of noise in the input data.  Horizontally thin-sliced results of the RRT at 
different depths are shown in Figures 5.6 - 5.8. 
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5.3.4 Synthetic JHD Method  
Joint hypocenter determination (JHD) is an earthquake location method applied to 
determine the hypocenters of a group of clustered earthquakes and to calculate station 
corrections simultaneously by minimizing the location errors from relative seismic arrival 
times. Pujol (1995, 2000) proposed a test to estimate the performance of the JHD 
technique using synthetic data based on a well-resolved velocity model.  In this test, 
synthetic arrival times for the actual event-station distribution are calculated based on the 
3-D velocity model obtained in this study.  The JHD technique is then applied to the 
synthetic data with a given 1-D velocity model.  The comparison of two sets of station 
corrections and relocated earthquake locations, one from the observed data and the other 
from the synthetic data, provides a good assessment of the performance of the JHD 
technique.  Most importantly, this synthetic test can also serve as an independent 
crosscheck of the validity of the resultant 3-D velocity models. If the resultant 3-D 
velocity model is reliable, the magnitude and pattern of station corrections generated 
from the observed and synthetic JHD analyses should be very similar.   
The earthquakes in the study area are grouped into three clusters; cluster 1 (events 
from the central and northern part of Sierra de Pie de Palo), cluster 2 (events from the 
southern edge of Sierra de Pie de Palo), and cluster 3 (seismicity in the basement rock 
beneath the Matagusanos valley). P- and S-wave station corrections obtained using the 
synthetic method were compared to the station correction determined from the observed 
arrival time (Figures 5.9, 5.10, and 5.11). In general, the pattern and magnitude of the 
synthetic JHD corrections are similar to the observed station corrections. The pattern of 
station corrections reveal very large positive station correction anomaly in the central 
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Precordillera, a negative station corrections anomaly beneath the Eastern Precordillera 
and Sierra de Pie de Palo basement uplift, and negative station corrections along the 
southeastern edge of Sierra de Pie de Palo. These observations are consistent with the 
observed station corrections for the study area.  
The comparison of slopes of S-wave station corrections vs. P-wave station 
corrections obtained from the real and the synthetic JHD analyses reveal the closeness of 
the resultant 3-D velocity model to the real Earth model.  The slopes of the actual and 
synthetic data for the three clusters shown in Figure 5.12 are similar to each other. 
 Synthetic tests, CRT, SRT, and RRT, reveal that high-resolution P- and S-wave 
images can be successfully recovered within the seismic network. In addition, the 
synthetic tests performed using the JHD technique showed that the resultant 3-D velocity 
model is close to the real Earth model. Therefore, based on the results of 3 synthetic tests, 
we can be concluded that real earth velocity structure in the San Juan region can be 
imaged successfully using the current source-receiver configuration and the 3-D 
tomography analysis.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 65 
 
 
Table 5.1 
Initial 1-D velocity model (from Smalley and Isacks, 1987) used in 
this study. Constant Vp/Vs determined from Wadati plot (Vlasity, 
1988) ratio was used. 
Depth (km) P-wave velocity 
(km/sec) 
Vp/Vs ratio 
0 5.88 1.75 
10 6.20 1.75 
32 7.30 1.75 
45 8.10 1.75 
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                                          Crustal events only 
 
 
       
                     (a)                                         (b)                                       (c) 
 
                                    Intermediate and Crustal events  
 
 
 
                      (d)                                         (e)                                       (f) 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 5.1. Examples of P-wave Checkerboard Resolution Test (CRT) using crustal 
events only (Figure 5.1 a-c) and using both crustal and intermediate events (Figure 5.1 d-
f). (a & d) The designed synthetic velocity model in the checkerboard pattern. (b & e) The 
homogeneous initial velocity model used for the velocity inversion of the synthetic travel 
times obtained from the earthquake sources to the surface stations using the checkerboard 
velocity model. (c & f) The resultant velocity image after 8 iterations. Significant 
improvement in the resolved structure magnitude is achieved by adding intermediate 
depth events in the inversion. Black triangles represent the PANDA stations. Resolution is 
very limited outside the network 
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                       (a)                                         (b)                                       (c) 
 
                                    Intermediate and Crustal events  
 
 
 
                      (d)                                         (e)                                       (f) 
 
 Figure 5.2. The same as Figure 5.1 but for S-wave. Similar improvement in the magnitude 
of the resolution is achieved after adding intermediate depth events in the inversion. 
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                                           Crustal events only 
 
 
                                     Intermediate and Crustal events 
 
 
 
 
 
 
 
Figure 5.3. Comparison of results of the Checkerboard Resolution Test of the two datasets 
used for P-wave showing the thin-sliced velocity images at various depths (shown at the 
lower-right corner). Generally, the original checkerboard velocity images have been well 
retrieved for most of the San Juan region. The magnitude resolution decreases for deeper 
layers.  
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                                     Intermediate and Crustal events 
 
 
 
 
 
Figure 5.3 continued. Again, there is additional resolution capability obtained by adding 
intermediate depth events. Notable improvements are seen in the thin-sliced layer at depths 
of 10 and 20 km. All layers below 20 km depth have almost negligible resolution from the 
crustal events only. However the CRT results obtained using the entire dataset have at least 
recovered the pattern of the checkerboard with limited success in the magnitude of the 
anomalies. The magnitude of the resolution decreases for deeper layers.  
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                                     Intermediate and Crustal events 
 
 
 
 
 
 
 
.  
Figure 5.4. Similar to Figure 5.3 but for S-wave. Similar pattern of resolution is observed as 
for P-wave checkerboard resolution in Figure 5.3. 
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Figure 5.4. continued. 
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(a) (b) 
(c) (d) 
(e) (f) 
Figure 5.5. Spike Resolution Test (SRT) for P-wave showing (a) a thin sliced P-
wave velocity image of the designed rectangular block at a depth of 3 km. (b) a 
thin sliced P-wave velocity image obtained after 3-D inversion. (c) & (e) are EW 
and NS profiles across the rectangular block, respectively. (d) & (f) represent 
EW and NS cross-sections across the anomalous rectangular block after the 3-D 
inversion. Vertical smearing with amplitude less than 0.8% are observed beneath 
Pie de Palo and at depths below 45 km. 
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Figure 5.6. Restoring Resolution Test (RRT) for P- and S-wave showing (a) & (c) a 
thin-sliced original P-wave velocity image at 3 km depth from the resultant 3-D 
model obtained from tomography inversion in this study, (b) & (e) a thin-sliced P- 
and S-wave velocity image from a homogeneous initial 3-D model, and (c) & (f) the 
result of P- and S-wave velocity image inversion from the synthetic travel time data 
calculated from the selected hypocenters to seismic stations using the original 3-D 
P- and S-wave velocity model as shown in (a) & (c). Random noise having a normal 
distribution is added to the calculated travel time to investigate the effect of noise on 
the velocity inversion.  The original velocity images can be successfully 
reconstructed even with errors (or noise) in the arrival times. 
 
(a) (b) (c) 
(d) (e) (f) 
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Figure 5.7. Results of the RRT for P-wave showing the original velocity image (top and 
third rows) and the corresponding inverted velocity image (second and fourth rows) at 
various depths shown on the lower right corner of each plot.  Note that different velocity 
scales are used for different depths.  In general, major structural features of the original 
3-D velocity model have been successfully recovered from the velocity inversion even 
though noise is included in the travel time data. 
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Figure 5.8. Similar to Figure 5.7 but for S-wave. 
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Figure 5.9. Synthetic test of the JHD method for Cluster 1 showing (a) the synthetic P-
wave station corrections from the resultant 3-D velocity model obtained in this study, 
(b) the observed P-wave station corrections, (c) the synthetic S-wave station corrections 
from the resultant 3-D velocity model obtained in this study, and (d) the observed S-
wave station corrections. Patterns and magnitudes of the observed P- and S-wave station 
corrections are recovered successfully, indicating that the resultant 3-D velocity model 
is close to the real earth structure in the San Juan region. 
 
Cluster 1 
(a) (b) 
(c) (d) 
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Figure 5.10. Similar to Figure 5.9 but for cluster 2. 
 
Cluster 2 
(a) (b) 
(c) (d) 
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Figure 5.11. The same as in Figure 5.9 but for Cluster 3. 
Cluster 3 
(a) (b) 
(c) (d) 
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Figure 5.12.  Plots of the observed JHD S-wave vs. P-wave station corrections 
from the synthetic data from the resultant 3-D velocity model (a, c, and e) and 
the corresponding actual data (b, d, and f).  The slope of the best-fit line is 
shown on each plot.  The slopes of the observed and synthetic data from clusters 
1, 2, and 3 are very close to each other. 
(a) (b) 
(c) (d) 
(e) (f) 
Cluster 1 
Cluster 2 
Cluster 3 
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CHAPTER 6 
RESULTS AND DISCUSSIONS  
 
 
6.1 Introduction 
 
Three-dimensional P- and S-wave velocity models of the San Juan, Argentina 
region were constructed using a 3-D tomographic method with high quality earthquake 
data. In total, 25,624 P-wave and 23,698 S-wave arrival times, recorded during the 
PANDA deployment period from August 1987 to May 1988, were selected using the 
criteria discussed in Chapter 3.The study area covers a volume of 230 km X 160 km X 
134 km. Velocity images of subsurface structures beneath the San Juan region were 
constructed with a 3-D grid with cell sizes of 10 km × 10 km × 2 km.  Synthetic tests 
reveal that velocity images down to middle to lower crustal depth in the region can be 
successfully reconstructed with the PANDA station-event configuration. 
Careful selection of damping and smoothing parameters is essential for the 
determination of a reliable 3-D velocity model. A series of one-iteration inversions with 
different damping values have been performed. After one-iteration, arrival time root 
mean square (RMS), calculated by taking the square root of the square of the average of 
the differences between observed and synthetic travel times, were used to compute 
reduction and model variance for the P and S waves. The results reveal that large 
damping values (e.g., 500, 150,100) give small model variance, while small damping 
(e.g., 10, 5, 1) has produced a significant model variance without a significant RMS 
reduction (Figure 6.1 a and b).  Therefore a damping value of 50 has been selected for 
both P- and S- wave inversion, which has resulted in a large RMS reduction without 
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significant model variance. A large smoothing parameter was selected for the first few 
iterations to allow the inversion to stabilize. Once the large-scale structures are outlined 
and resolved, the smoothing value is then gradually reduced throughout the rest of the 
iterations. The final smoothing values used are 100, 50, 40, 30, 20, and 10. 
Using the aforementioned parameters for damping and smoothing, reduction of 
RMS travel time residual of 72% and 78% for P- and S-wave, respectively, was achieved 
after 8 iterations. P-wave RMS was reduced from 0.45 sec to 0.13 sec (Figure 6.2) and S-
wave RMS was reduced from 0.64 sec to 0.14 sec (Figure 6.2). Note that velocity models 
discussed in this dissertation are designed in 3-D discrete grids. The velocity images 
presented in cross sections or thin-sliced map views throughout this dissertation are 
interpolated and presented as smoothed color contours from the discrete grids using a 
MATLAB routine PCOLOR. All the units for x and y-axis are km unless otherwise 
stated. 
 
6.2 Three-dimensional Vp and Vs velocity structures 
The 3-D P- and S-wave tomographic images obtained in this study show very 
complex structures beneath the San Juan, Argentina area. Figure 6.3 shows map views of 
P-wave and S-wave velocity anomalies at different depths obtained from this study. 
Lateral variations of velocity features associated with near-surface geology, such as 
crystalline basement uplifts of Sierra de Pie de Palo in the east and thick sedimentary 
rocks of the Precordillera in the west, can be clearly seen in the uppermost thin-sliced 
images of the corresponding VP and VS velocity models.  
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A distinct velocity contrast exists in the upper 10 km between the eastern 
Precordillera (PC) and the Sierra de Pie de Palo (Figure 6.3 a and b). The Eastern PC is 
characterized by a low velocity anomaly, whereas Pie de Palo exhibits a high velocity 
anomaly  (both P and S) except at the southeastern part of the range, which has a 
remarkable low velocity anomaly. A 30% increase in velocity is observed from the 
Precordillera in the west to Pie de Palo in the east. A P-wave velocity as low as 4.5 
km/sec is observed in the Precordillera while a Vp velocity as high as 6.5 km/sec is 
observed beneath Pie de Palo. 
The low velocity anomaly in the Precordillera is associated with the thick 
sedimentary rocks exposed in the thin-skinned structures of the Precordillera. The 
sedimentary sequence includes, the Cambro – Ordovician San Juan limestone sequence 
overlying the basement rocks, Silurian – Devonian clastic rocks (such as flysch), and 
Mesozoic sedimentary rocks. In addition to these sedimentary rocks, the area has a thick 
alluvial cover associated with the Matagusanos valley. The basement beneath the 
Precordillera is not exposed at the surface. The depth to the basement inferred from the 
resultant velocity model varies from ~11 km beneath the center of the Matagusanos 
valley to around 5 km in the eastern most area of the PC. This observation agrees well 
with the positive station corrections revealed from the JHD analysis. 
A high velocity anomaly is observed over the entire northern half of Sierra de Pie 
de Palo. The anomaly thins abruptly toward the south and acquires a linear shape with a 
NNE trend. As presented in Figures 6.3, this northeast trending high velocity anomaly 
bisects the southern half of Pie de Palo and continues further south to the Barboza and 
Valdivia mafic-ultramafic basement uplifts. The high velocity anomaly is observed 
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clearly down to a depth of around 8 km, below this depth the anomaly gradually fades 
away. Moreover, the strike of the high velocity anomaly changes its orientation from a 
NNE direction in the upper few kilometers to NE and almost to an EW direction at 
deeper levels where it gets completely detached from the northern high velocity anomaly.  
This NNE trending high velocity anomaly observed beneath the southern half of 
the Sierra de Pie de Palo basement uplift can be correlated to a magnetic high (Figure 
6.4) in aeromagnetic studies of Chernicoff et al. (2009).  The high velocity zone is 
interpreted to represent a structure corresponding to the Grenvillian Precordillera – Sierra 
de Pie de Palo tectonic boundary zone and would comprise the buried part of the mafic-
ultramafic belt rocks exposed in the western part of the range (Chernicoff et al., 2009). 
Therefore, the entire Sierra de Pie de Palo range is apparently part of the Cuyania terrane 
that docked to Gondwana in Mid-Ordovician time as opposed to it being a part of the 
Sierra Pampeanas terrane. The remarkable similarity of the direction and shape of the 
anomaly in the velocity image and in the magnetic study supports the interpretation that 
the velocity model resolved in this study is close to the real earth structure.  However, 
this boundary zone is interpreted as an east-dipping zone (Chernicoff et al., 2009), which 
contradicts our result from 3-D inversion. Figure 6.16 shows a cross-section taken at the 
southern edge of Sierra de Pie de Palo and reveals a west dipping high velocity region. 
The red contour represents a P-wave velocity of 6.4 km/sec. The narrow linear high 
velocity anomaly observed beneath southern Pie de Palo disappears in the northern 
section of the range and becomes a broad high velocity anomaly distributed throughout 
the northern half of the range.  
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High Vp, high Vs, and high Vp/Vs values characterize the upper most crust (down 
to ~8 km) of the western part of Pie de Palo (Figure 6.14). It is expected that Vp and the 
Vp/Vs ratio will increase if rock composition changes from felsic to mafic, or if rocks 
have more Fe or Mg content (Fowler, 1990).  Conversely, Vp/Vs will decrease with the 
increase of silica content, as in the continental crust (Christensen, 1996; Vlahovic et al., 
2000).  Therefore, these high Vp, high Vs, and high Vp/Vs values can be linked to the 
presence of mafic rocks beneath the region. This interpretation agrees well with the 
surface geology where mafic-ultramafic rocks exist.  
The southeastern edge of Sierra Pie de Palo is characterized by a region of low 
velocity anomaly. This anomaly is consistent with the presence of sedimentary rocks of 
the Difunta Correa Formation, which is a para-authochtonous cover of the Sierra de Pie 
de Palo complex, and the alluvium within the Bermejo valley.  
P-wave images reveal a region of low velocity beneath most of Pie de Palo at 
depths between 10-16 km. The change from a shallow high velocity anomaly to a deeper 
low velocity anomaly observed from P-wave velocity model is, however, not observed in 
the S-wave images. Instead, S-waves images show a relatively high velocity anomaly as 
shown clearly in the Vp/Vs ratio image. Figure 6.5 reveal relatively low Vp/Vs values 
beneath most sections of Sierra de Pie de Palo. One factor that can lower Vp values and 
increase a Vs values is the presence of silica rich rocks. Therefore, this low Vp, relatively 
high Vs, and low Vp/Vs ratio (Figure 6.6) observed beneath much of Pie de Palo is 
presumably due to the presence of felsic rocks in the beneath the region. 
The basement uplift of the Sierra de Pie de Palo complex is thought to represent a 
near-juvenile Mesoproterozoic oceanic arc/back-arc complex formed in a supra-
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subduction complex (Vujovich and Kay, 1996, 1998; Vujovich et al., 2004). The supra-
subduction complexes of the southwestern Pacific Ocean (e.g., Lau Basin) are described 
as a modern analogue for the protolith of the Pie de Palo complex (Vujovich and Kay, 
1998). Petrologic studies in other modern arc/back-arc systems have observed middle 
crust with tonalitic composition. Tonalite, which is a felsic intrusive rock, has a P-wave 
velocity of 6.0 – 6.5 km/sec (Takahashi et al., 2007). Felsic composition, with its high 
silica content, lowers P-wave velocity more than S-wave velocity resulting in a relatively 
lower Vp/Vs value (Christensen, 1996). Therefore the observation of low Vp and low 
Vp/Vs values in crust underneath Pie de Palo can be associated with the presence of 
tonalite to granodiorite intrusive rocks. Compressional and shear wave velocities of a 
number of rocks at different pressure and temperature conditions have been presented by 
Christensen (1996) and Christensen and Mooney (1995). Granodiorite has an average P-
wave velocity of 6.22 ± 0.1 km/sec and 6.23 ± 0.1 km/sec at a depth of 10 km and 15 km 
respectively; similarly tonalitic gneiss has P-wave velocity of 6.18 ± 0.18 km/sec and 
6.20 ± 0.17 km/sec (Christensen and Mooney, 1995). Shear wave velocity for the same 
rock types at similar depth reported by Christensen (1996), is about 3.67 ± 0.12 km/sec 
velocity for granodiorite and 3.55 ± 0.17 km/sec for tonalitic gneiss. Vp/Vs values for the 
same type of rock reported by Christensen (1996) show considerable variation. Vp/Vs 
values for granodiorite varies from 1.65 – 1.75 and for tonalite gneiss varies from 1.66 – 
1.80. These large variations are due to absence or abundance of certain minerals such as 
quartz, plagioclase, and Fe bearing minerals. High silicate content lowers the Poisson 
ratio thus lowering the Vp/Vs values. However, the Poisson ratio of the rock seems to 
increase with the increasing abundance of plagioclase rich anorthosite and Fe minerals 
 86 
(Christensen, 1996). The low Vp, high Vs velocity and lower Vp/Vs values revealed in 
this study suggest the presence of rock containing abundant silicate minerals. The 
observed Vp, Vs, and Vp/Vs values of this particular region ranges from 6.0 – 6.2 km/sec, 
3.55 – 3.7 km/sec, and 1.63 – 1.7, respectively (Figures 6.5 and 6.6). This agrees with the 
range of Vp, Vs, and Vp/Vs values specified by Christensen (1996) for granodiorite and 
tonalite. Therefore, rocks that could fit these low Vp, high Vs, and lower Vp/Vs values are 
most probably granodiorite and silica rich tonalite. This interpretation is also supported 
by the presence of Mesoproterozoic arc related tonalite to granodiorite dikes and sills in 
the outcrops of the Pie de Palo complex (Chernicoff et al., 2009).  
At deeper depths (22 - 28 km), the southeastern edge of Pie de Palo shows a 
region of high Vp/Vs values (Figure 6.5). This anomaly coincides with an increase in 
seismic activity. The anomaly could be caused either by change in composition of the 
rocks or by the presence of abundant fractures. The presence of fractures may explain the 
relatively diffuse hypocentral distribution of the region. However, it is unlikely to find 
abundant fractures at depths of 22 - 28 km in a compressive tectonic region. Laboratory 
measurements have shown that crack porosity in most rocks close at pressures of 100 to 
200 MPa (Christensen, 1996). Assuming a pressure gradient of 30 MPa/km, it would be 
more than 600 MPa at the depth of 22 km. Therefore, the interpretation of fracture would 
not be a reasonable explanation. The Vp, Vs, and Vp/Vs values, ~6.56 km/sec, 3.60 – 3.70 
km/sec, and 1.78 – 1.8, respectively, of the anomaly do fit the values given by 
Christensen (1996) for intermediate to mafic rocks such as diorite and diabase rocks. 
Diabase (also known as dolerite) is a mafic subvolcanic rock equivalent of volcanic 
basalt or plutonic gabbro (Holmes, 1974). It usually occurs as a shallow intrusive rock in 
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dikes and sills. Thus it would not fit as an explanation for this mid-crustal relatively high 
Vp/Vs anomaly. Therefore, diorite, an intermediate intrusive rock common in subduction 
zones, could be a plausible explanation to the observed high Vp/Vs values. An abrupt 
northeast trending boundary separates the high Vp/Vs anomaly and the continuation of the 
low Vp/Vs anomaly to these depths  
There is no systematic difference in velocity models observed between the 
crystalline basement rocks beneath the Precordillera and the Pie de Palo. This could mean 
that the geologic provinces beneath the two regions have the same basement type or they 
could have different basement rocks but with similar velocity characteristics. Pujol et al. 
(1991) and Chernicoff et al. (2009) have suggested that the two provinces may have 
different basement rocks. Pujol used JHD station correction to reach this conclusion. 
However the results of our 3-D velocity image shows those station correction differences 
are probably caused by the low velocities of the carbonate, mainly limestone, and other 
sedimentary rocks, which extend to a depth of ~ 10 km, beneath the Precordillera. 
Chernicoff et al. (2009) used magnetic susceptibilities of different rocks in the region to 
model the aeromagnetic results they obtained for the region. Relatively lower magnetic 
susceptibility for the basement rocks beneath the Precordillera fits their model. Since two 
different magnetic susceptibilities for the two provinces fit the aeromagnetic data, they 
concluded that the basement rock beneath the Precordillera and the Sierra de Pie de Palo 
might be different. Difference in magnetic susceptibility means difference in the content 
of magnetic minerals such as Fe bearing minerals. Although Fe bearing minerals tend to 
increase seismic velocity of a given rock, other non-magnetic minerals such as 
plagioclase can also have the same effect (Christensen, 1996). Therefore a rock with 
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small amount of Fe doesn’t mean it must have a low seismic velocity. Thus, the reason 
the seismic properties of the basement are similar in the two provinces could be that they 
have different mineral assemblage but with similar effect to the seismic velocity. 
 
6.3 Sedimentary Basins 
Four structural basins, Matagusanos valley, Tulúm valley, Ampacama valley, and 
Bermejo valley, separate the thrust belts of the central Precordillera, eastern Precordillera, 
and the basement uplifts of the Sierra de Pie de Palo and Valle Fertil (Figure 4.1).  
Bermejo valley lies north of the Sierra de Pie de Palo and outside the PANDA network 
and it will not be discussed further. The depth of the basement and seismicity of the 
Matagusanos valley, Tulúm valley, and Ampacama valley will be discussed below. 
 
6.3.1 Matagusanos Valley 
Matagusanos valley is a sediment filled northeast-trending elongate foreland basin 
bound by basement uplift of the central Precordillera to the west and the eastern 
Precordillera to the east. Good ray coverage and station distribution around the valley 
provides excellent resolution for velocity images. Thick sediments within the 
Matagusanos basin correspond to low velocity values in the resultant velocity model. In 
general the thickness of the basin, as imaged in the velocity model, increases from ~5 km 
in the south to ~ 9 km in the north (Figure 6.7 profile AB).  Moreover, a NE oriented 
cross-section reveals a wedge shaped basin, with thickness decreasing from west to the 
east (Figure 6.7 profile CD). This is a typical characteristic shape of foreland basins, 
deeper near the hinterland and shallowing across the basin. The depth to the basement 
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under the center of the valley as indicated in the velocity image is  ~ 9 km.  This 
observation agrees very well with previous depth estimates of between 8 and 10 km 
reported by Argentine National Oil Company (Pujol et al., 1991). The aforementioned 
estimates were based on information obtained from a borehole drilled to a depth of 6 km 
and downward projection of the stratigraphy. Seismicity is totally absent within the basin 
(Figure 6.7 profiles AB and CD). It is also noted that the depth to the basement gets 
shallower toward the east. The shallowest depth to the basement rock in the Precordillera 
lies beneath the eastern Precordillera and is only about 5 km deep. All the seismicity in 
the area occurs in the basement under the Matagusanos valley as previously observed 
(Smalley et al., 1988; Smalley and Isacks, 1990).   
 
6.3.2 Tulúm Valley 
The Tulúm valley is a shallow sedimentary basin, bound by the Sierra de Pie de 
Palo on the east and the eastern Precordillera on the west.  Only one Panda station, I19, 
was deployed within the unconsolidated sediments of Tulúm valley. Therefore any 
velocity analysis for the valley is based on the anomaly observed beneath this station. 
The velocity imaged beneath this station is consistent with the positive station correction 
obtained from JHD analysis (Figure 3.8). A low velocity anomaly with an absolute P-
wave velocity of 4.5 km/sec is observed and extends to a depth of 2 – 4 km. There is 
some sparse and scattered seismicity in the basement beneath the southern parts of Tulúm 
valley, but seismic activity beneath the valley does not exist. Generally, most of the 
seismic activity east of the Precordillera is in the basement beneath the Sierra de Pie de 
Palo.  
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6.3.3 Ampacama Valley 
The Ampacama valley is a shallow sedimentary basin separating Sierra de Valle 
Fértil from the Sierra de Pie de Palo. The basement is imaged between 2 to 4 km with a 
P-wave velocity of 6.0 km/sec. This depth revealed from the 3-D inversion agrees very 
well with previous estimation of 2 -3 km (Jordan and Allmendinger, 1986). Similar to the 
other basins, seismicity is generally absent beneath the Ampacama valley, but abundant 
seismic activity is present in the basement beneath Ampacama valley, in the area adjacent 
to the southeastern edge of Sierra de Pie de Palo  
 
6.4 Crustal Thickness and Moho Configuration 
 Previous studies have indicated that there is a considerable crustal thickness 
variation among the Precordilleras, Sierra de Pie de Palo, and the Pampean ranges 
furthest to the east. The estimates were based on a converted wave study (Regnier et al., 
1994), Pn velocity study (Fromm et al., 2004), and a receiver function study (Gilbert et 
al., 2003). The Moho depth defined by the 7.8 km/sec contour as seen in the velocity 
images in this image (Figure 6.8), reveals a significant local crustal thickness variation in 
the eastern part of the study area. The Moho topography is roughly a mirror image of the 
surface topography. Very thick crust is observed, ~ 58 km, beneath the high topography 
of the northeastern part of the Sierra de Pie de Palo while a crust with ~ 52 km thickness 
is observed in the topography lower southern edge of the range (Figure 6.8). Crust 
thickness as low as ~ 44 km is seen where there is no significant surface topography 
across the Tulúm valley.   
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6.5 Seismicity and Velocity Model 
6.5.1 Crustal Seismicity and Velocity Model 
The cross section figures (Figures 6.13 and 5.15) show the distribution of crustal 
seismicity across the Andean foreland after the 3-D inversion. A well-defined west-
dipping fault is observed beneath the northern part of the Sierra de Pie de Palo basement 
uplift (Figure 6.13 profile AA’).  It is for the first time that we are able to see a well-
defined fault beneath Sierra de Pie de Palo. All previous results were show diffuse 
seismicity pattern (Kadinsky et al., 1985; Langer and Bollinger, 1987; Regnier et al., 
1992). The dip of the fault is  ~ 550 and extends to a depth of ~ 32 km. The almost 
complete lack of earthquakes beneath the southwestern part of the range suggests 
seismicity associated with the west-dipping fault is primarily located in the northern half 
of Sierra Pie de Palo (Regnier et al., 1992). The cross section toward the center of the 
range, however, shows an east dipping deeply buried fault (Figure 6.13 profile BB’) that 
extends to a maximum depth of 35 km. The two faults, west dipping northern fault and 
east dipping southeastern fault, merge at a depth of around 20 km. Furthermore, the 
pattern of seismicity shows a well-defined detachment at a depth of 34 km. Profiles CC’ 
and DD’ in Figure 6.14 show a well-defined curved décollement at this depth. This depth 
is interpreted as the transition between the brittle upper to ductile lower crust. Thus the 
brittle-ductile deformation transition occurs at a depth of ~ 34 km, which clearly supports 
a thick-skinned style deformation for the Pie de Palo basement uplift (Jordan et al., 1983; 
Jordan and Allmendinger, 1986).  
Seismicity in the Precordillera occurs in three segments distributed from north to 
south (Smalley et al., 1993). Figure 6.15 shows several cross-sections taken along 
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Precordillera. The northern segment shown on profile AA’ in Figure 6.15 reveals a well-
defined linear feature dipping to the south. The strike of this northern fault is ENE. The 
cross-sections along the central segment, profiles BB’ and CC’ in Figure 6.15, also show 
a well-defined fault dipping northwest. The depth of the two faults beneath Precordillera 
ranges from 5 to 40 km. This depth range determined after 3D inversion is deeper than 
the previously reported depth range of 5 to 35 km by Smalley et al. (1993). Therefore 
these faults represent buried crustal scale faults similar to the thick-skinned deformation 
in the SP. The southern segment has a poorly defined (profiles DD’ and EE’ in Figure 
6.15) area of sparse and scattered seismicity without clear pattern in map or cross-section 
views. Its seismicity extends across Precordillera to the southwestern edge of Pie de Palo.  
Even though there are no consistent correlations between the pattern of seismicity 
and any particular Vp or Vs anomaly, anomalous Vp/Vs regions affect the distribution of 
hypocenters in the area (Figure 6.14). In the northern Pie de Palo the well-defined west-
dipping fault occurs on a relatively low Vp/Vs region (profile AA’ in Figure 6.14). On the 
other hand, the seismicity in central and southeastern Pie de Palo occurs within or in the 
vicinity of a high Vp/Vs anomaly (see cross-sections BB’ – DD’ in Figure 6.14). The 
décollement described above seem to occur on a region sandwiched between the two low 
Vp/Vs anomalies. Other notable observation is the seismic gap that appears in profiles 
CC’ and DD’ in Figure 6.16 between 15 and 20 km depth. Similar observation is reported 
by Smalley et al. (1993), for faults mapped beneath Precordillera. This seismic gap can 
be explained by the presence of a relatively low Vp/Vs region. This region is more clearly 
seen in profile CC’ Figure 6.14. Therefore the Vp/Vs distribution has a direct correlation 
to the distribution of hypocenters beneath Pie de Palo range. 
 93 
6.5.2 Intermediate Seismicity and Velocity Model 
As observed from the checkerboard resolutions, the magnitude of the resolved 
velocity images for deeper layers is very limited.  This is because of the lack of 
crisscrossing rays that travel through the upper mantle and lower crust. The only 
information comes from the vertical rays emanating from the intermediate depth events, 
which are directly beneath the PANDA network.  
The Andean foreland is mostly characterized by the presence of flat slab 
subduction at ~100 km depth. However, this flat geometry of the slab has been the focus 
of many previous studies. From single-event locations using local network data a slightly 
westward dip (opposite to the direction of subduction) of the slab is observed even 
though the overall geometry is flat (Figures 6.11.b and 6.12).  This westward dipping slab 
has been observed and interpreted (Smalley and Isacks, 1987; Vlasity, 1988; Andersen et 
al., 2005 and Linkimer et al., 2010) as an evidence of a Moho dipping to the west about 
60.  However, Pujol et al. (1991) argued that the westward dipping of the slab observed 
from single-event location is an artifact caused by overlooking the lateral velocity 
variation rather than Moho depth variation across the Andean foreland basin.  Pujol et al. 
(1991) applied JHD method to jointly relocate intermediate depth events beneath San 
Juan region. The geometry of the slab as determined from the JHD relocated events is flat 
and does not show the slight westward dip of the Wadati-Benioff zone observed from 
single-event locations. Large lateral velocity variations (low velocity beneath 
Precordillera and high velocity beneath Pie de Palo) across the San Juan region are 
observed from the pattern of station correction. Thus, the existence of large lateral 
velocity variations across the San Juan region is consistent with a westward shift of the 
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JHD relocated intermediate depth events and with the disappearance of the apparent 
westward dip of the Wadati-Benioff zone (Pujol et al., 1991). A Similar result has been 
obtained in our JHD analysis of a larger data set used in this study (Figure 6.11.b and 
6.12). 
Therefore, the best way to analyze this problem is to relocate all the intermediate 
seismicity using a 3-D velocity model. The 3-D resultant velocity model obtained in this 
study is thus used to relocate all the selected events recorded by the network. Cross-
sectional views of the intermediate seismicity after 3-D relocation show the geometry of 
the Wadati-Benioff is flat without significant westward dip (Figure 6.9-12). It is simply 
flat through out the study area until it resumes its normal subduction in the eastern part of 
the study area. The dip of the slab calculated from the best-fit line varies from 00 – 0.030 
with an average dip of 0.020 (Figure 6.10). The relocated events are also more clustered 
and slightly deeper than those from single-event locations (Figure 6.11.b and 10.12). The 
average depth of the Wadati-Benioff zone is ~ 110 km ± 3 km with a thickness of about 
10 km. 
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Figure 6.1.  Plot to select optimum damping values for (a) P-wave and (b) S-wave 
tomography inversions. RMS reduction and model variance are calculated after one 
iteration for a given damping value. A damping value of 50 is selected for both P- and S-
wave inversions, which have produced the most significant RMS reduction without 
causing large model variations.  
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 Figure 6.2. Plot of Root-Mean-Square (RMS) error of travel time misfit versus number 
of iterations for P- and S-wave. RMS reduction of 72% for P-wave and 78% for S-wave 
are achieved after eight iterations. 
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Figure 6.3. Map view of P (a) and S-wave (b) velocity anomalies at selected depths 
across the Andean Foreland region near San Juan, Argentina. A very distinctive velocity 
variation is observed, low velocity in the Precordillera and high velocity east of the 
Precordillera. The number in the lower right corner indicated number of earthquakes at 
that depth. Note: velocity is displayed as percentage change from the 1-D homogenous 
starting model. 
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Figure 6.4. Residual magnetic field reduced to pole from an aeromagnetic survey over the 
southern Sierra de Pie de Palo. (from Chernicoff et al., 2009). 
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Figure 6.5. Map view of Vp/Vs ratio of upper - middle crust (10 – 28 km). The upper 
crust beneath Sierra de Pie de Palo (particularly the northwestern part) shows low Vp/Vs 
values. These low Vp/Vs values are caused by the presence of rocks with high silica 
content. High silica content lowers P-wave velocity with little to no affect on S-wave 
velocity, thus causing low Vp/Vs values. The rocks are suggested to be tonalite to 
granodiorite intrusive rocks. At deeper depths (22-28 km), there is a high Vp/Vs anomaly 
on the southeastern edge of the Sierra de Pie de Palo. Associated with this anomaly is the 
increase in seismic activity at these depths. 
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                                                        (a) 
 
 
                                                       (b) 
 
Figure 6.6. Map view of velocity model for upper to middle crust (a) for P-wave velocity 
and (b) for S-wave velocity. Relatively low Vp and higher Vs characterizes the upper 
crust beneath Sierra de Pie de Palo giving rise to low Vp/Vs values.
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Figure 6.7. Cross-sectional view of P-wave velocity structure and seismicity 
around Matagusanos valley.  In general the basin thickness increases from south 
to north and from west to east. The seismicity around Matagusanos valley occurs 
in the basement below the valley. 
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Figure 6.8. Cross-sectional view of P-wave velocity showing Moho depth (defined by 
the red contour line) velocity profiles. The Moho topography follows the local surface 
topography. Surface topography is exaggerated 5 times. 
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Figure 6.9.  Intermediate depth seismicity defining flat geometry of the 
subducting Nazca plate. The location of the profile is given in Figure 6.8, the 
dashed blue line. It has an average depth of 110 km.  
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Figure 6.10. Cross-sections showing geometry of the subducted Nazca slab. The 
first plot is an index map indicating where the cross-sections are taken. The 
geometry of the slab is flat with no considerable dip, with average dip of ~0.020. 
The dip of each cross-section, labeled in the plot, is calculated from the best-fit 
line indicated by the dashed line. The red marks both on the index map and the 
cross-sections divide the line into three equal segments. 
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Figure 6.10. Continued. 
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(a) 
 
 
(b) 
Figure 6.11. Index map showing cross-section lines for Figure 6.11 (b) and Figure 6.12. 
(a) The red dashed line is the profile line plotted in this figure as part b. Blue lines are 
similar cross-sections of intermediate depth events plotted in Figure 6.13. Gray circles 
and green triangles represent seismicity (both crustal and intermediate) and PANDA 
stations respectively. (b) Plot comparing the relocation of by JHD and 3-D methods (red) 
with single event locations (blue). Both relocated hypocenters define nearly flat slab 
geometry with considerable depth difference between them. 
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Figure 6.12. Similar to Figure 6.11 (b). The westward dip of the slab observed from 
single-event location events disappears in both the JHD and 3-D relocated hypocenters 
beneath much of the study area. The 3-D relocated events are generally deeper than the 1-
D and JHD relocated events. The profile E-E’ shows a slight dip toward the southwest in 
all three plots. This is where the subduction resumes its normal subduction angle of (250 
to 300) dip at the southern margin of the study area. Similarly profiles AA’, BB’, and CC’ 
show the resumption of the normal subduction angle to the eastern margin. 
A                                   A’ A                                   A’ A                                   A’ 
B                                   B’ B                                   B’ B                                   B’ 
C                                   C’ C                                   C’ C                                   C’ 
D                                   D’ D                                   D’ D                                   D’ 
E                                   E’ E                                   E’ E                                   E’ 
Single-event location JHD relocation 3-D relocation 
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Figure 6.13.  Cross-sections showing pattern of seismicity beneath Sierra de Pie de Palo. A 
well-defined west-dipping fault is observed beneath the northern Sierra de Pie de Palo in line 
AA’. Profiles BB’ and DD’ are along the central portion of Sierra de Pie de Palo block. Diffuse 
seismic pattern and poorly defined east-dipping fault are observed in profiles BB’ and DD’. 
Profile CC’ reveals a west dipping fault that become nearly horizontal at deeper depth. This is 
interpreted as a transition zone from brittle to ductile deformation. 
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Figure 6.14. .  Similar cross-sections as Figure 6.13 but for Vp/Vs. The west-dipping fault 
observed beneath the northern Sierra de Pie de Palo in line AA’ occurs in a relatively low 
Vp/Vs region. Profiles BB’, CC’, and DD’ reveal that the seismicity beneath the central 
and southern Sierra de Pie de Palo occurs inside or adjacent to high Vp/Vs regions. The 
gap in seismicity observed around 10 – 20 km in profile CC’ can be explained by the 
presence of an aseismic east dipping low Vp/Vs zone. 
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Figure 6.15.  Cross-sections showing the pattern of seismicity beneath the Precordillera. 
Profile AA’ across the northern Precordillera shows a well-defined fault dipping to the 
south. Cross-sections along the central part, BB’ and CC’, reveal another that dips 
northwest. Both profiles (DD’ and EE’) across the southern portion of the Precordillera 
show a diffuse seismic pattern. 
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Figure 6.16. Cross-sectional view of the high velocity anomaly beneath the southern part 
of the Sierra de pie de Palo. The profile reveals an anomaly, interpreted as to be the east 
dipping Grenvillian suture zone. The red contour line represents a P-wave velocity of 6.4 
km/sec. 
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CHAPTER 7 
CONCLUSIONS 
 
The results of the 3-D tomography inversion, 3-D re-location, and JHD analysis 
will be further discussed and interpreted in this chapter. The results will be compared 
with previous works from other studies. 
The results of JHD analysis and 3-D tomography revealed large lateral crustal 
velocity variations across the Andean foreland of San Juan, Argentina region. The area of 
low velocity in the Precordillera correlates with a thick sedimentary rock sequence 
exposed in the area while the high velocity area east of the eastern Precordillera 
corresponds with the crystalline basement rocks of Sierra de Pie de Palo. The depth to the 
basement beneath the Precordillera varies from 10 km beneath Matagusanos valley to 
around 5 km beneath the eastern most Precordillera, as found by Smalley et al. (1993). It 
is this velocity variation in the upper 10 km between these two geologic provinces that 
has produced the large variation of station corrections as portrayed from JHD results. 
Except for the suture zone imaged between the Precordillera and the Sierra de Pie de 
Palo, the basement rocks of the two regions below 10 km does not show any significant 
lateral velocity variation. 
The interpreted Grenvillian age suture zone between the Precordillera and the 
Sierra de Pie de Palo is imaged beneath the western edge of Sierra de Pie de Palo 
extending southwest to 320S latitude. The buried part of this northeast-trending mafic-
ultramafic suture zone extends to a depth of ~ 10 km. This image provides further 
geophysical evidence supporting the interpretation that Sierra de Pie de Palo is part of the 
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Cuyania terrane. This would mean that the boundary between the Precordillera (Cuyania) 
and Pampean terranes lies east of the Sierra de Pie de Palo as previously proposed (Dala 
Salda et al., 1992; Astini et al., 1995; Kay et al., 1996; Ramos et al., 1996; Vujovich and 
Kay, 1998). The westward-dipping direction of this suture zone imaged from the 3-D 
velocity (Figure 6.15) is in contrast with the interpretation of Chernicoff et al. (2009), 
which described the boundary as an east-dipping suture zone.  On the contrary, Vujovich 
et al. (1998) interpreted the Precambrian Grenville subduction as a west-dipping 
structure, which agrees with our interpretation. In their model, the subduction zone 
related to the Precambrian would have been on the border of Laurentia before the 
Laurentian terranes were sutured to Gondwana (Kay, personal communication 2011). 
The 3-D relocated earthquakes reveal large, buried, crustal scale faults beneath 
Eastern the Precordillera and the Sierra de Pie de Palo. This observation clearly shows 
that the entire crust is involved in the current state of deformation in these tectonic 
provinces producing thick-skinned deformation. As it has been noted previously (Smalley 
et al., 1993), while there is a clear spatial relation between the basement seismicity and 
the Eastern Precordillera, the subsurface tectonic structures implied by the spatial 
distribution of seismicity do not correlate well with features of the surface geology such 
as the strike of the Precordillara and the segmentation of the Eastern Precordillera into 
individual ranges. The surface projections of the seismically defined faults do not match 
the faults and structures of the eastern Precordillera (Smalley et al., 1993). The strike of 
the central segment is subparallel to the western side of Pie de Palo and mapped faults in 
the range. This strike of the central segment is also parallel to the old suture zone 
between Precordillera and Pie de Palo imaged in the tomography result. It could be 
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possible that the collision of the two terranes in Mesoproterozoic time can create a series 
of weak structures parallel to the collision zone. Therefore the seismic activity in the 
central segment of Eastern Precordillera may represent reactivation of crustal structure, 
generated by the collision of Pie de Palo and Precordillera. 
The faults defined by seismicity beneath Sierra de Pie de Palo are crustal scale 
buried faults, that include a west-dipping fault in the north and an east-dipping fault in the 
south that are probably connected by a décollement. The topography of Sierra de Pie de 
Palo supports a model with multiple faults beneath the range since it does not have the 
shape expected for a mountain built by successive displacement along a single thrust 
fault, as is the case for the Sierra de Valle Fértil (Fielding and Jordan, 1988). Besides the 
different seismic pattern between the northern and southern segments of Sierra de Pie de 
Palo, other morphological differences exist between the two sections of the range. As 
noted in the studies of LANDSAT images by Jordan and Allmendinger (1986), the crest 
of Sierra de Pie de Palo is not a straight line. From north to south the divide bends 
southwesterly as it crosses the Quebrada de Gato (Figure 7.1 a), suggesting that the range 
is sheared in a right-lateral sense across the canyon. The highest elevations also occur on 
the north side, which is characterized by a flat top while the southern section is 
characterized by relatively lower topography with a sharp crest. Regnier et al. (1993) 
reported right lateral strike-slip focal mechanisms along the Quebrada de Gato and 
immediately north of it, supporting the interpretation that the central part of the Sierra de 
Pie de Palo is the locus of a northeast striking, right-lateral fault.  
Another major difference between the northern and southern sections of the Sierra 
de Pie de Palo is imaged from our 3-D velocity model (Figure 7.1 b). The NNE trending 
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high velocity anomaly, interpreted to represent the Grenvillian suture zone is clearly 
observed in the southern segment of Sierra de Pie de Palo. However the linearity of this 
high velocity anomaly disappears to the north of the shear zone and becomes a broad 
high velocity zone throughout the northern half of the range. Velocity differences 
between these semi-blocks are also observed deeper in the crust. The northern Sierra de 
Pie de Palo is characterized by a relatively lower Vp/Vs value that is more prominent at a 
depth of 10-16 km, while a region of high Vp/Vs value exists in the southern section of 
the range at a depth between 20 – 28 km.  A northeast-trending sharp boundary separates 
these two velocity anomalies (Figure 7.1 c and d), which matches the direction of the 
shear zone.  
From the aforementioned evidence, Sierra de Pie de Palo can therefore be treated 
as two different semi-blocks separated by a major northeast-trending shear zone. The 
shear zone possibly occurs on the boundary between the high Vp/Vs region (north), 
interpreted as a diorite intrusion, and relatively low Vp/Vs region (south) believed to be 
tonalitic and/or granodioritic in composition. A contact boundary between rocks of 
different composition would a favorable fault plane within this E-W convergent stress 
field. 
Determining the geometry of the subducted Nazca plate (Wadati-Benioff Zone) 
(WBZ) was one of the major targets of this study. 1040 intermediate depth events were 
relocated using the newly determined 3-D velocity model obtained in this study. The 
relocated hypocenters reveal flat slab geometry with an average depth of about 110 km. 
This result disagrees with the recent interpretation of Anderson et al. (2007) and 
Linkimer et al. (2010) that the slab geometry shows a westward dip. Anderson used a 
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multiple-event relocation algorithm GMEL to relocate 1098 intermediate events and 
Linkimer utilized the VELEST program to relocate 897 events. It should be noted that 
both these studies used a 1-D velocity model to relocate the events. From our 3-D 
velocity model and JHD analysis, it is apparent that the upper crust across the Andean 
foreland is highly heterogeneous and of varying thickness. Therefore, overlooking this 
lateral crustal velocity variation and thickness in earthquake location will lead into large 
uncertainty in hypocentral determination, especially on earthquake depth determination. 
The reliability and stability of the depth of the relocated earthquakes in Anderson’s study 
is highly controlled by stations at the edge of their network, a temporary network 
deployed by the CHARGE experiment in 2003 (Anderson et al., 2007). Event depth 
determination depends more on vertical ray paths to stations directly above them than on 
more horizontal ray paths to stations farther away. Therefore, station corrections for 
stations at the edge of their network are more likely to increase the uncertainties on the 
determination of the depths of these events. Anderson et al. (2007) acknowledged that the 
observed westward dipping slab is on the edge of their resolution. The uncertainty in their 
hypocentral locations is further demonstrated by their large scatter in the hypocentral 
depth distribution. Their estimated thickness of the WBZ is around 20 km. In this study, 
we have improved the reliability of hypocentral locations by using 3-D Vp and Vs models 
resulting in better-clustered hypocenters that reveal a maximum slab thickness of 10 km. 
 Recently, Linkimer et al. (2010) reported the westward dip of the subducted Nazca 
plate beneath the San Juan region to be 2 – 3°. This dip amount is much smaller than 
previously reported of 6 – 7° (Smalley and Isacks, 1987; Vlasity, 1988). This difference 
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could be due to different location methods. Linkimer used the VELEST program whereas 
Smalley and Isacks and Vlasity utilized the HYPOINVERSE location algorithm. 
VELEST is an iterative algorithm to simultaneously locate earthquakes and to calculate 
1-D (layered) velocity models with station corrections (Kissling, 1988). The VELEST 
program used in Linkimer’s study takes station correction into account, thus absorbing 
some of the lateral velocity variations in the area. This shallowing of the dip from these 
results indicates that lateral velocity variation is indeed the major factor affecting the 
depth determination. Apparently, the station corrections determined in their study didn’t 
fully absorb the lateral velocity variation across the Andean foreland. Since the resultant 
3-D Vp and Vs models from this study have more fully included lateral velocity 
variations, we conclude that the subducted Nazca Plate beneath San Juan region is nearly 
horizontal with the maximum thickness of the WBZ being ~ 10 km. In addition to this, 
earthquake locations of the intermediate depth events from the International 
Seismological Center (ISC) catalogue shows a flat geometry of the WBZ when located 
using global networks while a westward dipping geometry of the WBZ is observed when 
located using 10 or less local stations from local networks (Figure 7.2). Raypaths used to 
locate the earthquakes using the global networks are down-going ray that do not sample 
the lateral and vertical velocity heterogeneity of the crsut and upper mantle and thus the 
location of hypocenters will not be affected by the presence of local velocity 
heterogeneity. However, up-going raypaths that travel through the heterogeneous 
structure of the crust and upper mantle are used to locate earthquakes using the local 
networks. Overlooking this heterogeneity and using 1-D velocity model to locate 
hypocenters by the local networks (INPRES, PANDA, CHARGE, and SIEMBRA 
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networks) revealed the westward dip of WBZ. 
  Results of JHD analysis of this study and previous studies of Smalley and Isacks 
(1987), Pujol et al. (1991), and Reta (1992) also support this flat geometry for the 
subducted Nazca plate. Considerable dip further to the south at latitude of 32°S and to 
the east in the eastern margin of PANDA deployment region are observed, both from the 
3-D relocation and JHD analysis indicate that the slab resumes its normal subduction 
angle (25° to 30°) in the south and in the east part of the study area. 
 Focal mechanism solutions of the intermediate depth events show dominant 
normal mechanisms with the tensional axis (T-axes) sub-perpendicular to the trench, 
indicating that the likely mechanism for deformation is slab-pull (Cahill and Isacks 1992; 
Reta 1992; Araujo and Suarez 1994; Slancova et al. 2000; Pardo et al. 2002; Brudzinski 
and Chen 2005; Anderson et al., 2007). Anderson et al. (2007) reported the tensional axis 
around 32°S is not trench normal, instead it is perpendicular to the local slab direction. 
These observations have implications for the ridge buoyancy hypothesis and the cause of 
increased seismicity along the subducted ridge (Anderson et al., 2007). The opposing 
forces of the buoyant ridge and the slab sinking down would put the entire slab into 
extension perpendicular to the slab contour. Deviation from the T-axes perpendicular the 
slab contour is found in areas east of the Sierra de Pie de Palo where the tensional axes 
are sub-parallel to the slab contour (Pardo et al., 2002; Anderson et al., 2007). This 
pattern could be either due to strain being partitioned on pre-existing faults or the events 
are influenced by a tear or gap in the subducting slab (Anderson et al., 2007). However, 
Reta, (1992) reported compressional focal mechanism where the 125 km WBZ contour 
bends, and suggested that the change from horizontal to normal subduction angle to the 
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SE is by a contortion rather than by a tear. 
 
 
7.1 Future Work 
 
There promises to be rewarding future work on tomography in the Andean 
foreland of Chile and Argentina. One of the main limitations of our current study was the 
small aperture of the Panda network relative to the vertical size of the study volume. 
During the past few years a number of projects, such as the CHARGE and SIEMBRA 
experiments have been carried out in the Andean foreland of Chile and Argentina. These 
two seismic projects have provided widely distributed seismic stations that cover a very 
large area above the flat slab portion of the subducted Nazca Plate. It should be noted that 
the crustal resolution from these two projects is somewhat limited because of a lack of a 
shallow crustal events detected due to large inter-station distances. Therefore, combining 
the data of these experiments with the Panda data set will create the best chance to 
resolve the 3-D velocity structure of the entire crust and upper mantle within this tectonic 
setting. 
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(a) 
 
 
 
 
                  
                   (b)                                                 (c)                                              (d) 
 Figure 7.1. (a) Map view of Sierra de Pie de Palo taken from Google Earth showing the 
fracture zone at the center of the range indicated by the white line. Thin-sliced images of 
the linear velocity anomaly, low Vp/Vs, and the high Vp/Vs at selected depths are shown 
in (b), (c), and (d) respectively. The fracture zone in (b), (c), and (d) is indicated by the 
red line. 
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Figure 7.2. Intermediate depth seismicity from International Seismological Center (ISC) 
catalogue in the study area. (a) Profile of intermediate depth seismicity located using less 
than 10 local stations. It reveals a westward dip of the WBZ. (b) Cross-section of 
intermediate depth events located using more than 20 global stations and it shows a flat 
geometry of the WBZ. 
 
 
 
 
 
 
 
 
 
(a) (b) 
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